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ABSTRACT 


program  to  investigate  direct  laser  writing  for  semiconductor 
processing  is  described.  In  this  program  the  following  results  were 
obtained: 

(1)  >The  first  reported  fabrication  of  submicrometer  diffraction 
gratings  in  GaAsj^ 

(2J^Development  of  a  new  technique  for  writing  patterns  of  the 


dielectric  material,  SIO2/ 


(3)  -^Measurement  of  the  conductivity  and  properties  of  metal 


interconnects^ — 

(4) S^The  first  demonstration  of  laser- enhanced  plasma  etching;  (2>* 

(5) ~^The  first  observation  of  deep-OV  enhanced  liquid  et chi ng  of, 
^^GaAs%and  the  production  of  3-ym  through  wafer  vLas  using  this 

techni^eT^\^ 
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I.  RESEARCH  OBJECTIVES  FOR  DIRECT  WRITING  OF  MICROSTRUCTURES  FOR 
SOLID-STATE  ELECTRONICS 

A.  Demonstration  of  Laser-Controlled  Plasma  Etching 

1.  Construction  of  Apparatus. 

o  Modification  of  existing  plasma-etch  machine  to  allow 
scanning  of  optical  beam  on  substrate, 
o  Development  of  optical  diagnostics  for  etching-rate 
measurement. 

2.  Etching  on  Insulating  Substrates. 

o  Etching  of  semi-insulating  GaAs  using  cw  Ar+  laser, 
o  Etching  of  S102  using  cw  Ar+  laser. 

o  Investigate  enhancement  of  large-area  etching  using  very- 
short-wavelength  F2-exeimer  laser. 

3.  Etching  of  Semiconducting  Surfaces, 

o  Etching  of  doped-Si  surfaces. 

o  Etching  of  doped-GaAs  surfaces. 

B.  Direct  Writing  of  Si3Ni|. 

1.  Formation  of  SigNij  via  Laser  CVD  Techniques. 

o  Measurement  of  growth  rate  versus  laser  power,  gas 
pressure. 

o  Characterize  breakdown  in  photodeposited  S^Nij  line. 


2.  Formation  of  Si3N]|  via  direct  uv  photochemistry 
o  Perform  measurements  listed  above. 


Applications  in  Device  Fabrication 

1.  Through-wafer-via  Formation  in  GaAa 

o  Continue  characterization  of  the  existing  etching 
process. 

o  Increase  the  etching  rate  in  thick  wafers  and  control  the 
dark  etching  rate. 

o  Develop  rapid  gas-phase  etching  for  GaAs,  as  a  possible 
alternate  etching  technique. 

o  Develop  metallization  technique  for  filling  vias  with 
conductive  materials. 

o  Demonstrate  via  formation  for  a  working  microwave  FET. 

2.  Antennae  Writing  for  Submillimeter  Devices 

o  Set  up  direct-writing  metallization  apparatus. 

o  Characterize  and  optimize  conductivity  of  metal  lines. 

o  Set  up  submillimeter  receiver  system  with  Schottky- 
barrier  detector. 

o  Observe  detected  signal  while  simple  dipole  antenna 


pattern  is  written 
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II.  DEMONSTRATION  OF  LASER  CONTROLLED  PLASMA  ETCHING 

There  are  several  reasons  why  It  may  be  desirable  to  enhance  the 
rate  of  a  plasma  etching  process  with  a  laser  beam.  First,  in  many 
soft,  semiconducting  materials  such  as  GaAs,  it  is  important  to  achieve 
maximum  etch  rate  with  minimal  ion  bombardment,  since  surface  damage 
often  accompanies  the  latter.  One  of  the  reasons  that  ion  bombardment 
seems  an  unavoidable  aspect  of  plasma  or  ion  assisted  etching  is  that 
physical  action  is  often  necessary  to  remove  adlayers  of  reaction 
products  or  other  chamber  contaminants.  However,  a  number  of  recent 
experiments  in  this  and  other  laboratories  have  shown  that  low  levels  of 
laser  light  can  remove  these  layers,  although  the  exact  mechanism  for 
this  removal  seems  unclear  at  present.  Thus  by  subjecting  the  surface 
to  illumination  in  a  plasma  etching  reaction  it  may  be  possible  to 
operate  the  reaotor  in  a  region  where  physical  bombardment  and  its 
concomitant  surface  damage  is  not  necessary  for  satisfactory  high  etch 
rates. 

Second,  for  a  variety  of  reasons,  including  surface  cleanliness  and 
the  ability  to  generate  highly  reactive  species,  plasma  etching  is  an 
Important  fabrication  tool  in  modern  microelectronics.  One  desirable 
capability,  however,  is  absent  from  plasma  processing  -  namely  the 
ability  to  do  local  processing;  in  other  words  if  a  particular 
fabrication  step  should  require  that  the  etching  be  confined  or  enhanced 
in  one  region  of  a  semiconductor  chip  this  can  not  be  done  at  present  in 
commercial  reaotors  without  separatey  masking  the  other  region  of  the 
chip.  If  the  region  of  local  etching  is  small  compared  to  the  remainder 
of  the  I.C.  real  estate,  the  additional  masking  step,  of  course, 
subjeots  a  major  portion  of  the  wafer  to  the  several  additional 


processing  steps  thereby  defeating  at  least  a  portion  of  the  origLnal 
reason  for  using  dry  etching.  By  using  a  n askless  technique  for 
enhancing  plasma  etohing,  which  is  based  on  pattern  or  focussed  laser 
light,  local  plasma  processing  can  be  done  without  requiring  additional 
sir  face  processing  of  the  wafer. 

In  the  set  of  experiments  described  here,  we  used  visible  laser 
light  to  Influence  the  etching  of  Si  wafers  In  a  commercial  planar 
plasma  etching  system.  A  CFij/02  plasma,  at,  typically,  100  torr  gas 
pressure  was  used.  By  modifying  the  r.f .  electrode  through  the 
installation  of  a  laser  port,  we  were  able  to  focus  the  laser  onto  the 
Si  surface  with  an  Imaging  system  external  to  the  etching  apparatus. 

The  effect  of  the  laser  beam  on  the  etch  rate  of  p-type  Si  was 
investigated  by  varying  the  laser  power  density  from  150  mWcm 2  to  4 
Id#/ an2.  For  each  measurement  made,  the  dark  etch  rate  and  the  photon- 
enhanced  etch  rates  are  compared.  The  resulting  data  showing  the  Si 
etch  rate  in  the  focal  spot  are  plotted  in  Fig.  2  of  Appendix  A. 

The  graph  shows  that  the  etch  rate  is  light- enhanced  even  at  low 
laser  power  density  (150  mW/cm2).  This  enhancement  increases  with  laser 
power  density  and  reaches  50$  of  the  dark  etch  rate  at  the  maximum  laser 
power  we  used.  The  dark  etch  rate  remained  constant  at  0.2  ym/min 
throughout  the  experiment.  Although  we  did  not  explicitly  examine  the 
resolution  of  the  photon- induced  process,  it  appears  to  be  quite  high. 
For  example,  an  interference  pattern  of  the  laser  beam  resulted  in  etch 
features  as  small  as  10  pm. 

Mote  that  in  a  previous,  separate  set  of  experiments  performed 
using  the  same  apparatus,  we  had  shown  that  the  etch  rate  is 


significantly  increased  when  the  Si  wafer  is  heated  in  bulk  by  the  laser 
beam.  However,  at  the  lower  laser  power  densities,  the  enhancement 
appears  to  result  from  a  nonthermal  process,  since  heating  is  negligible 
in  this  region.  In  order  to  investigate  whether  this  process  is 
dependent  upon  electron/hole  pair  creation,  n-type  Si  of  the  same 
conductivity  as  the  p-type  Si  (1-2  n-cm)  was  investigated.  We  found  no 
difference  in  the  photon- induced  etch  enhancement.  It  should  be  noted, 
however,  that  even  at  low  laser  power  density  a  considerable  number  of 
photogenerated  carriers  are  present,  perhaps  eliminating  any  difference 
in  their  effect  on  the  etch  rate  of  p  and  n-type  Si. 

In  conclusion,  we  have  demonstrated  that  significant  photon-induced 
etch  rates  are  possible  when  a  laser  beam  illuminates  the  surface  of  an 
Si  wafer  in  a  plasma  etcher.  The  effect  of  low  laser  power  densities  is 
a  nonthermal  one.  Using  a  focused  laser  the  light  enhancement  can  be 
employed  to  achieve  maskless  definition  of  the  etching  pattern. 
Considerable  additional  detail  can  be  found  in  the  paper  preprint  of 
Appendix  A. 


III.  DIRECT  WRITING  OF  INSULATORS 

A.  Direct  Deposition  of  SiOg  Using  Exclmer  Laser  I radiation 

We  chose  to  produce  oxide  layers  on  single  crystalline  silicon 
using  a  spin-on  silicate  with  subsequent  laser  irradiation.  This 
material  is  easily  applied.  Studies  using  it  have  a  value  beyond  the 
formation  of  simple  oxide  layers  since  silicates  and  related  compounds 
form  the  basic  chemical  of  spin-on  inks  and  dopants  which  are  used 
oommonly  in  the  microelectronics  industry  in  intimate  contact  with  the 
31  wafer.  Low-temperature  oxides  have  been  produced  over  a  1-cm  area 
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ualng  only  two  laser  pulses.  These  oxide  layers  are  smooth  and  of 
uniform  thickness. 

B.  Direct  Writing  Instrumentation 

The  Instrumentation  for  direct  writing  was  received  during  this 
period;  it  includes  a  15-W,  visible-wavelength  laser,  a  Zeiss 
ultraviolet  microscope  with  fast  scanning  stage,  and  an  HP-87  computer. 
The  funds  to  pirchase  this  equipment  were  provided  from  JSEP  through  the 
Columbia  Radiation  Laboratory. 

A  software  system  was  written  which  interfaces  the  HP-87 
minicomputer  with  an  Aerotech  Microdex  x-y  translation  stage  and  the 
Zeiss  Universal  microscope  with  fast  scanning  stage. 

The  system  allows: 

1.  Varying  feed  rate  control  for  each  line  written 

2.  Generation  of  an  array  of  differing  patterns 

3.  Simplified  editing 

4.  Incorporation  of  an  integ-ated  shutter  system  operating  on 
positive  or  negative  logio  in  addition  to  the  manual  control. 

5.  Specification  of  the  pattern  in  terms  of  coordinates 

6.  Printer/ pi  otter  interfacing  allowing  simultaneous  video 
monitoring  of  patterns 

The  system  is  fully  interactive  and  provides  scaling  of  the 
patterns  down  to  the  resolution  of  the  stages  drives:  0.25  ym  for  the 
Microdex  and  0.5  ym  for  the  Zeiss.  In  addition,  we  tested  and  built  a 
digital  circuit  for  smooth  ramping  and  lowering  of  the  laser  power. 

This  will  enable  us,  for  example,  to  write  a  wiformly  varying  metal 
conductor  on  a  silicon  surfaoe. 

Finally,  because  of  the  mutual  reactivities  of  the  metallorganic 
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gas  used  in  the  metal  writing  (below),  it  was  necessary  to  design  two 
dedicated  high  vacuun  systans  for  handling  these  gases.  During  this 
contract,  we  designed  and  fabricated  two  separate  gas-handling  systems. 
C.  Direct  Writing  of  SlOp 

In  the  second  maskless  technique  for  patterning  silicon  dioxide 
layers  fran  a  spin-on  organosili cates ,  a  focused  laser  beam  is  used  to 
directly  write  silioon  dioxide  patterns  cm  a  variety  of  substrates.  The 
quality  of  the  oxide  layers  is  at  least  as  good  as  that  obtained  in 
thermally  cured  spin-on  glass.  An  added  advantage  of  this  technique  is 
the  ability  to  readily  vary  the  thickness  of  the  oxide  layer  as  a 
function  of  the  exposure  time.  Some  possible  applications  include  local 
masking  for  GaAs,  S102  waveguides  for  silicon  wafers  and  new  device 
structures  requiring  a  variable  oxide  thickness. 

The  writing  of  oxide  layers  is  accomplished  by  using  an  argon  ion 
laser  tuned  to  514.5  run .  A  microscope  objective  (20X,  N.A.  *  0.35) 
coupled  with  a  Miehelson  interfercmeter  is  used  to  focus  the  laser  beam 
onto  the  sample.  The  sample  is  mounted  on  a  vacuum  chuck  which  is 
attached  to  a  computer-controlled,  X-Y  translation  stage.  The  stage  is 
driven  by  a  stepper  motor  with  0.4  ym  resolution  and  linear  scanning 
rates  fran  4  ym/see  to  200  ym'see.  Blanking  of  the  laser  beam  is 
accomplished  with  a  00m put er-oont rolled  mechanical  shutter.  The 
starting  material ,  an  experimental  material  provided  by  Allied 
Corporation  known  as  X-200A,  is  an  organosili eate  material  in  an  organic 
based  solvent. 

Curing  of  organosllicate  films  by  laser- induced  heating  is 
significantly  different  from  conventional  thermal  curing  in  a  furnace. 
Firnace  curing  requires  that  either  the  temperature  be  slowly  ramped  or 


a  low- temperature  cure  (100°  C)  precedes  the  final  higi  temperature  cure. 
Curing  of  the  organosllicate  occurs  from  the  outer  surfaces  of  the  film 
toward  the  center.  As  the  organosllicate  cures  in  the  firnaee,  the 
volatile  components  must  pass  through  the  cured  outer  regions.  If  the 
sanple  temperature  is  not  ramped  in  the  ftrnace  or  preceeded  by  a  low 
temperature  cure,  surface  cracks  resulting  from  the  escaping  voLtile 
components  can  result.  In  laser  curing,  on  the  other  hand,  since  the 
organosllicate  is  essentially  transparent  in  the  visible  region,  the 
laser  beam  passes  through  the  film  and  strikes  the  surface  of  the  silicon 
substrate  where  it  is  partially  absorbed  thereby  heating  it  up.  Curing 
of  the  organosllicate  film  occurs  from  the  organosilicate-substrate 
interface  outward  allowing  volatile  components  to  escape  easily,  since 
the  surface  of  the  layer  had  not  been  cured  first.  This  allows  for  higi 
substrate  surface  tanperatures  during  curing  without  cracking  the 
organosllicate  layer. 

Writing  was  attempted  over  a  wide  range  of  scan  speeds,  focal-spot 
sizes  and  laser  powers.  Typical  conditions  were  250  n*f  in  a  3  y»- 
diameter  spot  which  corresponds  to  4  MW/ an2  and  a  sample  translation 
speed  of  lOOym/sec.  With  theses  experimental  parameters,  a  smooth, 
continuous  line  could  be  obtained.  To  remove  the  in  exposed  material,  it 
is  necessary  to  rinse  the  wafer  with  methanol.  The  cured  pattern  then 
remains.  In  order  to  obtain  a  complete  removal  of  the  in  exposed 
material,  it  is  necessary  to  carefully  preclean  the  wafers  and  to  keep 
the  samples  under  conditions  of  low  relative  hunidity. 

A  further  result  of  the  organosllicate  curing  from  the 
organosilioate- substrate  interface  outward  is  that  if  the  exposure  time 


is  insufficient  to  cure  the  entire  thickness  of  the  deposited 
organosilicate ,  a  cured  organosilicate  layer  thinner  than  the  deposited 
layer  can  be  obtained.  This  gives  a  thickness,  or  z-axis  control  over 
the  oxide  layer.  This  smooth  control  over  the  thickness  of  local 
regions  of  oxide  is  not  easily  achieved  through  conventional 
photolithography.  In  addition  to  the  thickness  variation,  the  width  of 
the  oxide  lines  is  also  a  filiation  of  the  translation  speed  and  incident 
power. 

Electron  micrographs  of  the  laser  cured  Si(>2  lines  are  shown  in  the 
illustration  of  Appendix  B.  This  Appendix  also  gives  more  detail  on  the 
adlayer  conditions. 

He  have  experimented  with  substrate  materials  other  than  silioon. 
These  Include  the  compound  semiconductors  CdS  and  GaAs  and  the 
dielectric  S102.  In  each  case,  after  a  proper  surface  preparation  and 
adjustment  of  Incident  laser  power  to  account  for  different  absorption 
and  thermal  properties,  direct  writing  of  oxide  lines  was  readily 
accomplished.  In  particular  for  GaAs,  surface  preparation  consisted  of 
a  standard  degreasing  and  oxide  removing  cleaning  procedure.  Consistent 
with  the  thermal  and  absorption  properties  of  GaAs,  direct  writing  was 
done  at  100  mW  for  scan  speeds  similar  to  those  used  above. 

In  conclusion,  we  have  demonstrated  a  method  of  patterning  silicon 
dioxide  layers  on  various  substrate  materials  without  the  use  of  a  mask. 
The  technique  relies  upon  the  curing  of  a  spin-on  organosilicate  by 
localized  heating  with  a  fecused  laser  beam.  Translation  of  the  sample 
provides  for  mastdess  pattern  generation.  Line  widths  as  low  a  1  pm 
have  been  obtained  (See  Appendix  B) .  Both  line  width  and  line  thickness 
are  affected  by  the  sample  translation  speed  and  the  Incident  laser 
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power.  This  means  that  silicon  dioxide  lines  of  continuously  varying 
thickness  can  be  written  on  the  wafer  surface. 

IV.  APPLICATIONS  IN  DEVICE  FABRICATION 
A.  Through-wafer  via  Formation  in  GaAs 

Controlled  etching  of  compound  semiconductors  is  an  important 
processing  step  for  the  fabrication  of  electronic  devices,  e.g. 
integrated  optical  components  and  fast  microwave  devices.  Previously, 
we  reported  that  light-enhanced,  electrodless,  wet  etching  can  be 
successfully  used  for  maskless  patterning  of  compound  semiconductors. 

The  etching  is  influenced  by  the  number  of  carriers  present  at  the 
semiconductor  surface,  and  thus  allows  a  light  pattern  to  be  engraved  in 
the  semiconductor  surface  In  this  report,  we  describe  two  experiments 
at  different  wavelengths  in  which  we  continue  to  utilize  the  light- 
enhanced,  wet  etching  of  single-crystalline  GaAs.  First,  we 
investigated  the  application  of  visible  laser  light  to  the  drilling  of 
via  holes  in  GaAs.  Second,  for  the  first  time  the  effects  and  the 
utility  of  deep-ultraviolet  (UV)  light  (257  nm)  in  maskl^ss  via  hole  wet 
etching  were  explored. 

In  Initial  experiments  on  producing  via  hole  structures  in  GaAs  a 
focused  visible  Ar+  ion  laser  was  employed.  Limited  success  was  reached 
with  only  small  aspect  ratio  via  holes  being  produced.  The  drawbacks 
which  limit  using  visible  laser  light  for  this  application  include  the 
large  absorption  depth  in  GaAs,  and  the  later ial  spreading  of 
photogenerated  carriers  in  the  GaAs  substrate  at  visible  wavelengths. 
These  drawbacks  are  overcome  by  using  deep-UV  laser  light  since  the 
absorption  depth  in  GaAs  is,  typically,  an  order  of  magnitude  smaller 


than  for  visible  light.  In  addition,  creating  the  oarriers  in  the  band¬ 
bending  region  by  deep  UV-light  reduces  the  lateral  spreading  of 
photogenerated  carriers,  and  thus,  higher- resolution  etching  is  more 
readily  obtained.  Ultraviolet  light  can  also  photoehemieally  activate 
the  liquid  or  the  adlayer  at  the  solid  surface  and  hi  #1- energy ,  UV 
photons  can  produce  hot  carriers  at  the  send  conductor  surface.  Both 
effects  may  substantially  change  reaction  rates  and  reaction  chemistry. 

The  deep-UV  light  sois*ce,  a  frequency- doubled,  Ar-ion  laser  (257 
nm)  was  used  to  illuninate  the  semiconductor.  The  incident  laser  power 
density  ranged  from  10  mW/am^  to  2  kW/ am 2.  The  estimated  temperature 
rise  at  the  semiconductor  surface  was  below  2°  C,  even  at  laser 
intensities  of  2  kW/  cm2;  as  a  result,  thermal  effects  were  not  important 
in  these  experiments.  Generally,  UV  ligit  was  coupled  in  an  optical 
microscope  and  focused  with  a  10X  UV  objective  (N.  A.  s  0.2)  on  the 
sample,  mounted  Inside  a  quartz  cell  filled  with  the  etching  solution. 
The  light  path  through  the  liquid  was  400  ym.  The  etching  process  was 
monitored  with  a  vied  con  camera,  using  weak,  white-  ligit  illumination. 

In  order  to  determine  the  quality  and  the  depth  of  etched  structures, 
the  semiconductor  was  cleaved  precisely  across  the  etched  structures. 
Typically,  the  cleaved  surface  was  investigated  with  an  optical 
microscope  or,  in  some  cases,  with  a  scanning- electron- micros  cope  (SEM). 

In  this  report,  we  will  discuss  results  on  n-type,  (100)  GaAs  (Si- 
doped,  n-lO1®  cm“3)  and  HgSOij  :  H2O2  :  HgO  solutions.  Of  practical 
Importance  is  the  fact  that  the  dilute  -  HgO^content  solutions  have  an 
extremely  small  dark  etching  rate,  but  still  substantial  UV-enhanced 
etching  rates.  In  most  of  our  experiments,  we  used  an  1:1:100  solution, 
whloh  had  a  dark  etching  rate  of  less  than  40  nm  per  minute. 


Rapid  and  well-resolved  etching  In  the  dilute  solution  and  at  low 
07-laser  Intensity  produced  higtvquality  via- holes  In  GaAs  with  large 
aspect  ratios  which  are  important  for  fast  microwave  devloes.  These 
structures  were  examined  In  a  series  of  experiments  In  which  the  laser 
light  was  focused  to  a  5-  10  yin  spot  on  the  Gads  sir  face .  By  monitoring 
the  vla-hole  formation  and  examining  the  cleaved  cross  sections 
afterwards,  it  was  found  that  the  etching  slowed  down  as  the  hole  depth 
increased.  This  effect  may  limit  the  wafer  thickness  which  can  be 
etched.  For  high  laser  intensity,  the  etching  process  begins  rapidly 
but  stops  after ~80ym.  For  lower  intensities,  the  hols-etching  rate  Is 
slower,  but  more  penetrating,  resulting  in  deep,  high-quality,  vla- 
hales,  see  Fig.  5  in  Appendix  C.  The  entrance  and  the  exit  of  the 
etched  via- hoi ee  are  well  defined  and  the  surrounding  area  is  in  dam  aged . 
Another  remarkable  feature  of  these  via-hbLes,  Is  their  vertical  walls, 
which  can  be  attributed  to  "wave guiding1  of  the  etching  beam.  At  the 
higher  intensities  (2  Worn2),  scattered  and  reflected  light  inside  the 
hole  destroys  this  vertiaal  wall,  and  prevents  further  penetration.  At 
100  mWcm2,  we  were  able  to  etch  a  1  ym-dianeter  hole  through  a 
100-ym-thlck  GaAs  sanple;  at  somewhat  higher  powers  we  were  able  to  bore 
through  a  standard  250  ym  wafer,  although  larger  diameters  resulted. 

B.  Metallization  for  Interconnects  and  0 n- Wafer  Antennae  for 

Submillimeter  Devloes 

One  of  the  m«Jor  goals  of  this  oontract  is  to  be  able  to  achieve 
enough  control  of  the  photodepositon  process  that  practical ,  direct- 
write  applications  oan  be  demonstrated.  Although  many  of  the 
applications  of  direct  writing  require  the  writing  of  good  quality 
conductors,  there  have  been  no  previous  studies  of  the  effect  of  the 


deposition  conditions  on  the  electrical  properties  of  photodeposited 
metal  lines.  Also  we  have  begun  an  investigation  of  the  variations  in 
the  resistivity  and  miorostructure  of  photodeposited  metal  conductors 
with  changes  in  several  deposition  parameters. 

Initially,  our  experiments  on  metal  line  writing  have  centered  on 
the  measurement  of  writing  rates  for  conditions  of  varying  laser  power, 
gas  pressure,  and  laser  intensity.  In  addition  we  have  examined  metal 
writing  on  a  variety  of  novel  substrates  including  plastics  and  silicon 
dioxide  structures. 

In  order  to  measure  the  deposition  rate  we  used  the  optical 
attenuation  of  the  laser  beam.  Absolute  calibration  was  obtained  by 
measuring  the  thickness  of  several  of  the  deposits  with  scanning 
electron  microscopy.  The  spot  size  of  the  laser  used  in  the  experiment 
was  3  um. 

The  deposition  rates  which  we  obtained  are  sufficiently  rapid  to 
permit  writing  over  small  areas  on  Integrated  circuits  and  IC 
components.  Before  a  large-area  region  can  be  written,  as  would  be 
required,  for  example,  for  writing  the  metallization  pattern  on  an 
entire  wafer,  much  faster  rates  would  be  needed.  In  fact  a  considerable 
increase  in  writing  rates  over  those  obtained  can  be  anticipated  if  both 
the  laser  intensity  and  pressure  are  increased  and  the  existing  scaling 
laws  continue  to  hold.  The  UV  laser  power  was  increased  by  using  a 
mode-locked  laser,  since  in  this  case  the  same  average  power  was 
obtained  at  514.5  nm  but  the  visible  output  appeared  as  a  series  of 
narrow,  high  intensity  pulses.  These  pulses  could  then  be  more 
efficiently  converted  to  the  UV  using  nonlinear,  frequency  doubling. 

In  addition  to  measuring  deposition  rates  we  also  examined  direct- 
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deposition  on  organic  substrates,  including  Mylar  and  Plexiglas. 
Deposition  of  metal  on  such  fragile,  low  melting  point  substrates  is  an 
important  capability  for  such  applications  as  information  storage  and 
electric  components  containing  polymers.  Normal  deposition  methods  are 
of  limited  use  either  because  of  substrate  damage  or  lack  of  adherence. 
Our  experiments  have  show,  in  fact,  that  photodeposition  can  be  used  to 
deposit  adherent  metallic  lines  on  various  polymer  substrates. 

Another  focus  of  our  experiments  was  to  determine  if  it  is  possible 
to  write  complex  patterns.  For  example,  our  understanding  of  the 
process  physics  might  suggest  that  while  writing  a  large  pattern  that 
metal  vapor  would  tend  to  migrate  to  an  earlier  written  pattern.  This, 
in  turn,  would  cause  the  pattern  to  fade  as  the  writing  continued.  A 
directly  written  grid  pattern  showed  that  this  is  not  the  case;  the 
lines  are  of  uniform  thickness  and  definition  across  the  photograph. 
Writing  of  even  more  complex  patterns,  such  as  a  Columbia  logo  showed 
similar  constant  deposition.  Finally,  in  so  far  as  the  writing  of  more 
complex  device-structures  are  concerned,  it  is  of  interest  to  show  that 
combination  of  writing  techniques  can  be  used  together.  This  ability 
was  demonstrated  by  writing  metal  conductors  over  directly  written  S102 
patterns  on  a  silicon  wafer.  Clearly  such  a  structure  is  important  in 
writing  MOS  structures. 

Our  experiments  with  electrical  characterization  were  done  with 
cadmium  deposited  onto  a  glass  plate  from  dimethyl  cadmium  (DMCd),  using 
the  ultraviolet  light  from  a  frequency-doubled  Ar+  laser.  The  plate 
contained  a  vacuum  evaporated  pattern  of  gold  dots  and  was  mounted  in  a 
nonflowing-gas  cell.  The  cell  was  moved  with  a  constant  velocity 
perpendicular  to  the  UV-beam  to  obtain  the  written  features.  The  length, 


width  and  thickness  of  the  lines  were  determined  by  microscopy  and 
surface  probing.  These  measurements  have  enabled  us  to  determine  the 
specific  resistivity  of  the  lines  and  to  compare  these  values  with  those 


of  the  bulk  metal.  The  results  for  different  DfCd  pressures  with  and 
without  buff er- gas  are  shown  in  Fig.  la  of  Appendix  D;  improved  values 
can  be  expected  as  a  result  of  further  optimization  of  the  many  possible 
deposition  parameters.  The  best  relative  resistivity  was  ~4  times 
higher  than  that  of  bulk  cadmium.  In  addition,  in  Fig.  lb  of 
Appendix  D,  the  variation  of  the  resistance  with  respect  to  temperature 
is  shown. 

In  photodeposition,  the  material  growth  is  dominated  either  by  the 
decomposition  of  the  adlayer,  on  the  surface,  or  the  molecules  in  the 
gas-phase.  The  structural  behavior  of  the  deposited  metal  which 
influences  the  electrical  properties  is  strongly  dependent  on  the  growth 
mechanism,  the  structures  g*own  preponderantly  from  the  adlayer  exhibit 
light-induced  surface  ripples;  these  features  cause  an  increase  in 
resistivity  on  the  low-pressure  side  of  the  deposition  region.  At  high 
DfCd  pressure,  the  growth  occurs  from  a  dense  metal  vapor  which  causes  a 
coarse-grained  nonlocal  deposit  with  increased  resistivity.  At  low 
temperature,  where  the  adlayer  growth  dominates,  we  believe  the 
increased  resistivity  is  due  to  incomplete  adlayer  decomposition. 

C.  Optical  Diffraction  Gratings  for  Eleotrooptioal  Devices 

In  most  of  the  laser  chemical  processing  described  recently  the 
temporal  coherence  of  the  laser  source  has  not  played  an  important  role 
in  the  processing  results  or  physics.  We  have  now  demonstrated  a  laser 
chemical  prooessing  technique  which  requires  that  the  light  source  have 
a  hl^i  degree  of  temporal  coherence,  namely,  laser  holographic 


processing.  In  this  processing,  two  laser  beams  are  interferred  to 
produce  a  coherent  pattern  across  a  substrate  surface.  The  laser  light 
then  by  either  a  linear  or  nonlinear  optloal  process,  drives  a  chemical 
reaction  which  causes  the  necessary  local  surface  alteration.  Gratings 
are  an  important  surface  structure  for  integrated  and  discrete 
seal  conductor  optical  devices.  For  exanple,  because  of  the  high 
dielectric  constant  in  oompoind  semiconductors,  the  spatial  periodicity 
of  the  gratings  must  be  much  smaller  than  the  free-space  wavelenth  used 
in  the  optical  device.  This  higi  spatial  resolution  plus  the 
requirement  for  grating  profile  control  makes  fabrication  by 
conventional  techniques  difficult.  He  note  that  fabrication  of  gratings 
has  historically  been  a  standard  microstructure  for  demonstrating  and 
improving  the  process  resolution.  In  addition,  the  temporal  coherence 
of  the  laser  souroe  is  important  for  recording  optical  information,  viz 
for  producing  holograms. 

1.  Liquid-phase  etching  of  GaAs 

The  apparatus  for  this  experiment  has  been  described  in  detail  in 
Appendix  B.  Basically,  a  laser  beam  from  a  moderat e- power ,  argon-ion 
laser  passes  through  a  spatial  filter  and  a  collimator  before  being 
split  and  mixed  inside  an  optical  cell  containing  an  H2O2  :  H2SO4  :  H2O 
etching  solution.  The  dissolution  of  GaAs  in  this  solution  is 
Influenced  by  the  nunber  of  carriers  present  at  the  send. conductor 
strface.  For  n-type  GaAs,  photogenerated  holes  accelerate  the  etching 
rate,  thus  forming  a  photoengraved  pattern  in  the  solid  surface. 

Although  we  have  formed  hl#i  resolution  gratings  on  other  III-V  as  well 
as  on  II -VI  ocmpound  s end  conductors ,  we  will  limit  our  discussion  here 
to  n-type  GaAs  doped  with  Si,  ns  101®  em~3f  and  with  (100)  orystal 


orientation 


Using  the  above  experimental  arrangement,  we  have  produced  130-nm 
to  200-nm  gratings  with  maximum  depth- to-spacing  ratios,  d/s,  of 
typically  0.2.  For  gratings  with  spacings  >1  ym,  the  depth-to-spaeing 
ratio  exceeds  0.4,  for  example,  2-ym  gratings  had  a  ratio  of  0.8.  The 
gratings  were  uniform  and  without  secondary  ripples  over  a  relatively 
large  area  of  ~1  cm2.  This  area  was  limited  by  the  uniformity  of  the 
laser  beam.  The  maximum  resolution  reported  here  was  limited  by  the 
wavelength  of  the  laser  light.  Recently  we  have  used  UV  radiation  to 
obtain  100-nm  period  gratings. 

The  profile  of  the  grating  grooves  depends  on  the  details  of  the 
carrier  movement  within  the  semiconductor,  the  relative  magnitude  of  the 
dark  versus  light-enhanced  etching  rate,  and  the  anisotropy  in  the 
etching  process.  We  investigated  the  profiles  of  gratings  on  n-type 
GaAs  for  several  different  crystal  orientations  using  different  spacings 
and  etching  solutions.  For  the  dilute  1:1:100  solution  used  in  most  of 
our  experiments,  we  found  that  crystal  orientation  did  not  Influence  the 
grating  profiles  and  etch  rates.  Generally,  gratings  with  spacings 
>1  yi  had  a  sinusoidal  profile  which  is  to  be  expected  for  a  linear 
dependency  between  etching  rate  and  light  distribution  on  the  surface. 

On  the  other  hand,  submicrometer  gratings  showed  a  deviation  from  a 
simple  sinusoidal  profile;  typically  a  cusped  profile  was  observed. 

This  deviation  cannot  be  explained  by  a  simple  theory  based  on  an 
isotropic  diffusion  of  the  holes  at  the  semiconductor  surface.  Local 
variations  in  the  hole  drift  due  to  photoinduced  electric  fields,  both 
normal  and  to  the  surface  transverse  to  the  surface  and  the  interference 
pattern,  give  rise  to  higher-order  components  in  the  groove  profile. 

In  general,  the  etching  rate  for  the  submicrometer  was  found  to  be 
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dependent  on  the  grating  spacing.  The  data  was  obtained  by  SEM 
photographs  of  the  GaAs  samples  cleaved  perpendicular  to  the  grooves, 
however,  in  situ  monitoring,  using  a  He:Ne  laser  probe,  yielded  similar 
data.  The  slopes  of  the  curves  indicate  the  grating  growth  rate.  In 
the  first  3  to  5  minutes,  the  gratings  grow  with  a  constant  rate.  For 
smaller-s pacing  gratings,  i.e.  1  pm,  the  rate  decreases  due  to  the 
lateral  carrier  diffusion  on  the  surface. 

By  comparing  the  measured  rates  for  the  different  spacings,  an 
approximate  diffusion  length  of  0.12  ym  can  be  obtained.  This  diffusion 
length  is  considerably  smaller  than  the  literature  value  of  1  ym  for  the 
GaAs  used  in  our  experiment.  We  believe  that  this  difference  can  be 
explained  by  the  strong  built-in  electric  field  in  the  depletion  region 
normal  to  the  interface  and  the  short  carrier  lifetime  at  the  surface, 
due  to  the  chemical  reaction. 

2.  Photodeposition  of  Metal  Grating 

The  experiments  to  Investigate  photodeposition  of  metal  gratings 
were  accomplished  with  a  3  -  5  nW,  frequency- doubled ,  argon-ion  laser. 
This  laser  has  sufficiently  short  wavelength  to  photodissoeiate  the 
metal-alkyl  carrier  gas,  (dimethyl  eadmiun)  used  here,  and,  further,  it 
has  an  useful  temporal  coherence  length ~20  cm.  The  laser  beam  was 
split  and  mixed  on  the  rear  surfaoe  of  a  quartz  flat  mounted  on  a 
sample-cell  containing  dimethyl  eadmiun  gas.  The  angle  between  the  two 
laser  beams  could  be  adjusted  so  as  to  examine  different  grating 
spacings. 

Before  describing  the  results  obtained  here,  we  point  out  that 
higher  esdluti  on  interference  effects  have  been  observed  previously  for 
photodeposition.  In  these  cases,  it  was  fotnd  that  fringes  with  periods 
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of ~0.17  Mm  could  be  obtained  in  photodeposited  metal.  The  origin  of 
these  struotures  has  been  tied  to  the  stimulated  growth  of  surface  plasma 
waves  in  a  deposit  growing  from  photodeposited  parent  molecular 
overlayers.  The  fringes  result  from  the  interference  of  the  surface 
waves  with  the  incident  light.  While  these  fringes  are  of  great 
scientific  interest,  their  limited  coherence  length, > 2  ^m,  makes  their 
practical  use  limited. 

With  our  experimental  setup,  we  readily  obtained  submicrometer 
diffraction  gratings  as  small  as  300  m  m.  In  general ,  the  best  results 
were  obtained  when  the  sample  cell,  which  contained  10  torr  of  DMCd  and 
80  torr  of  buffer  gas,  was  cooled  to  15°  C.  At  these  temperatures 
physisorbed  molecular  layers  are  thick  and  the  contribution  from  gas- 
phase  photodissociation  is  minimized. 

Grating  formation  by  photodeposition  allows  direct  optical 
monitoring  of  the  deposition  by  a  nonlnvasive  optical  probe;  in  our  case 
an  He:Ne  laser  was  used.  The  probe  is  used  by  observing  the  minus- 
first-order  diffracted  light  from  the  metal  grating.  For  small 
modulation  depths  the  Intensity  of  the  diffracted  light  is  proportional 
to  h,  to  the  amplitude  of  the  grating  ripple.  Thus  the  grating  growth 
rate  can  be  monitored  through  the  rate  of  increase  in  the  diffracted 
intensity. 

These  measurements  have  shown  clearly  one  of  the  most  striking 
phenomena  associated  with  optical  growth  of  diffraction  gratings.  As 
the  angle  of  interference  is  varied  sharp  resonances  are  observed  in  the 
grating  growth  rates.  These  resonances  are  the  result  of  enhanced 
coupling  of  light  into  surface  oonfined  waves  within  the  metal  film. 

The  resonances  occur  when  the  grating  spaoing,  d,  is  equal  to  an 


odd  multiple  of  half  wavelengths  of  the  surface  wave  which  exists  at  the 
frequency  of  the  incident  optical  electric  filed. 

At  the  spacing  of  each  resonance  the  angle  one  of  the  diffracted 
orders  is  such  that  the  wavevector  of  the  light  is  just  parallel  or 
along  the  surface  of  the  metal.  Thus,  each  resonance  represents  a 
spacing  such  that  the  amplitude  of  the  surface  plasma  wave  intensity  is 
maximized.  Since  the  local  electric  field,  including  incident  and 
scattered  waves,  determines  the  rate  of  grating  growth,  the  deposition 
is  fastest  at  resonance  s pacings .  The  grating  growth  rate  can  be 
increased  by  as  much  as  a  factor  of  8  at  resonance  compared  to  that  for 
off  resonance.  For  the  laser  powers  and  grating  areas  considered  here, 
this  means  that  relatively  dense  metallic  gratings  can  easily  be  grown 
at  resonance,  s pacings  whereas  oily  very  thin  structures  can  be  obtained 
at  intermediate  values.  Appendix  E  gives  additional  details  on  the 
grating  growth  mechanism. 
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Abstract 


By  using  two  interfering  laser  beams  to  initiate  localized  chemical 
reactions  at  an  interface,  very  high  resolution,  maskless  mi crofabri cation 
can  be  done  over  relatively  lege  substrate  areas.  The  resulting  deposited 
or  etched  patterns  can  be  used  in  a  variety  of  electrooptical  and  electronic 
applications.  In  addition,  this  type  of  fabrication,  which  can  be  monitored 
in  real  time,  provides  insight  into  many  new  interfacial  phenomena. 


Introduction 


In  most  of  the  laser  chemical  processing  described  recently,  the 
temporal  coherence  of  the  laser  source  has  not  played  an  important  role  in 
the  processing  results  or  physics.1  In  laser  direct  writing,  for  example, 
the  laser  spatial  coherence  plays  a  key  role- since  it  permits  submicrcmeter 
focusing  of  the  laser  beam.  In  both  direct  writing  and  photon>assisted  dry 
processing,  the  monochromatic  nature  of  the  laser  is  important  only  in  so 
far  as  it  is  necessary  to  drive  a  specific  chemical  channel.  Here  we  will 
describe  a  laser  chemical  processing  technique  which  requires  that  the  light 
source  have  a  high  degree  of  temporal  coherence,  namely,  laser  holographic 
processing.  In  this  processing,  two  laser  beams  are  interf erred  to  produce 
a  coherent  pattern  across  a  substrate  surface.  The  laser  light  then  by 
either  a  linear  or  nonlinear  optical  process,  such  as  photodissociation  or 
heating,  drives  a  chemical  reaction  which  causes  the  necessary  local  surface 
alteration. 

Our  study  of  laser  holographic  processing  has  provided  information  on 
both  the  fabrication  of  device  structures  for  specific  near-term 
applications  and  the  basic  physioal  phenomena  occurring  in  Interfacial 
chemical  reactions.  In  particular,  most  of  our  initial  work  on  holographic 
processing  has  emphasized  high  resolution  gratings.  These  gratings  are 
potentially  important  for  single-wavelength,  distributed  feedback  lasers  and 
for  couplers  in  Integrated  option.  A  novel  aspect  of  this  direct 
fabrication  technique  is  that  the  gratings  can  be  optically  monitored  during 
fabrication  which ,  in  tirn ,  allows  for  precise  control  over  the  grating 
depth  and  groove  profiles.  Further,  because  our  gratings  have  very  high 
resolution,  the  process  of  gating  fabrication  becomes  a  method  for  studying 
the  micrometer-scale  physical  processes  which  influence  the  grating 
struct  ire  and  growth.  These  processes  nay  involve,  for  example,  the 
diffusion  of  excited  species  or  the  magnification  of  the  optical  fields  at 
the  gating  sirface. 

In  this  paper,  we  will  illustrate  the  above  aspects  of  holographic 
processing  by  describing  two  recent  experiments  in  this  area:  llght- 
enhanoed,  liquid-phase  etching  of  GaAs  and  photodeposition  of  metal  from 
surface  layers.  In  both  eases  hi glw resolution  gratings  have  been  fabricated 
and  baslo  physioal  phenomena  observed . 


Liquid-Phase  Etching  of  GaAs 


The  apparatus  for  this  experiment  has  been  described  in  detail 
elsewhere. 2,3  Basically,  a  laser  beam  from  a  moderat e- power ,  argon-ion 
laser  passes  through  a  spatial  filter  and  a  collimator  before  being  split 
and  mixed  inside  an  optical  cell  containing  an  H2O2  :  H2SO4  :  H2O  etching 
solution.  The  dissolution  of  GaAs  in  this  solution  is  influenced  by  the 
nun be r  of  carriers  present  at  the  semiconductor  surface.  For  n-type  GaAs, 
photogenerated  holes  accelerate  the  etching  rate‘s,  thus  forming  a 
photoengraved  pattern  in  the  solid  surface.  Although  we  have  formed  high 
resolution  gratings  on  other  III-V  as  well  as  on  1 1 -VI  compound 
semiconductors,  we  will  limit  our  discussion  here  to  retype  GaAs  doped  with 
Si,  nslO1®  cm“3,  and  with  (100)  crystal  orientation. 

Using  the  above  experimental  arrangement,  we  have  produced  1 30- nm  to 
200 -rm  gratings  with  maximum  depth- to- spacing  ratios,  d/s,  of  typically  0.2. 
For  gratings  with  spacings  >1  pm,  the  depth-to-spacing  ratio  exceeds  0.A, 
for  example,  2-pm  gratings  had  a  ratio  of  0.8.  The  gratings  were  uniform 
and  without  secondary  ripples  over  a  relatively  large  area  of  ~  1  en»2.  This 
area  was  limited  by  the  uniformity  of  the  laser  beam.  The  maximun 
resolution  reported  here  was  limited  by  the  wavelength  of  the  laser  light. 
Recently  we  have  used  UV  radiation  to  obtain  100-nn  period  gratings. 

In  general,  the  profile  of  the  grating  grooves  depends  on  the  details 
of  the  carrier  movement  within  the  semiconductor,  the  relative  magnitude  of 
the  dark  versus  light- enhanced  etching  rate,  and  the  anisotropy  in  the 
etching  process.  We  investigated  the  profiles  of  gratings  on  n-type  GaAs 
for  several  different  crystal  orientations  using  different  spacings  and 
etching  solutions.  For  the  dilute  1:1:100  solution  used  in  most  of  our 
experiments,  we  found  that  crystal  orientation  did  not  influence  the  grating 
profiles  and  etch  rates.  Generally,  gratings  with  spacings  >  1  urn  had  a 
sinusoidal  profile,  see  Fig.  la  which  is  to  be  expected  for  a  linear 
dependency  between  etching  rate  and  light  distribution  on  the  surface.  On 
the  other  hand,  submicrometer  gratings  showed  a  deviation  from  a  simple 
sinusoidal  profile;  typically  a  cusped  profile  was  observed.  Figure  lb 
shows  the  development  of  the  characteristic  groove- profile  for  a  300-nn 
grating.  This  deviation  cannot  be  explained  by  a  simple  theory  based  on  an 
isotropic  diffusion  of  the  holes  at  the  semiconductor  surface.  Local 
variations  in  the  hole  drift  due  to  photoinduced  electric  fields,  both 
normal  and  to  the  surface  transverse  to  the  surface  and  the  interference 
pattern,  give  rise  to  higher^order  canponents  in  the  groove  profile,  as 
shown  in  Fig.  1b. 

In  general,  the  etching  rate  for  the  submicrometer  was  foimd  to  be 
dependent  on  the  grating  spacing.  Figure  2  shows  this  behavior  by 
displaying  the  measured  depth  as  a  f uicti of  the  etching  time  for 
different  grating  spacings.  The  data  was  obtained  by  SEM  photographs  of  the 
GaAs  samples  cleaved  perpendicular  to  the  grooves,  however,  i_n  situ 
monitoring,  using  a  He:We  laser  probe,  yielded  similar  data.  The  slopes  of 
the  curves  indicate  the  grating  growth  rate.  In  the  first  3  to  5  minutes, 
the  gratings  grow  with  a  constant  rate.  For  small er-s pacing  gratings,  l.e. 
>1  ym ,  the  rate  decreases  due  to  the  lateral  oarrler  diffusion  on  the 
surface.  A  simplified  model®  gives  an  expression  for  carrier  distribution, 
APat  a  semiconductor  surface  illuminated  with  two  interf erring  light  beams. 
In  this  model,  we  initially  assune  a  carrier  diffusion  length  in  the 
semiconductor  which  is  smaller  than  the  light  absorption  depth  and  a 
moderate  surface  recombination.  Then, 


where  G  is  i  factor  proportional  to  the  carrier  generation  rate,  L  is  the 
carrier  diffusion  length  in  the  bulk,  s  is  the  grating  spacing,  and  x  is 
direction  normal  to  the  grating  grooves  along  the  surface.  If  it  is  assumed 
that  the  local  etching  rate  is  proportional  to  the  carrier  density,  Eq.  1 
gives  the  variation  of  etching  rate  with  groove  spacing.  By  comparing  the 
measured  rates  for  the  different  spacings,  an  approximate  diffusion  length, 
L.  of  0.12  urn  can  be  obtained.  This  diffusion  length  is  considerably 
smaller  than  the  literature  value  of  1  um  for  the  GaAs  used  in  our 
experiment. &  He  believe  that  this  difference  can  be  explained  by  the 
strong  built-in  electric  field  in  the  depletion  region  normal  to  the 
Interface  and  the  short  carrier  lifetime  at  the  surface,  due  to  the  chemical 
reaction. 

Another  feature  in  Pig.  2  is  the  decrease  in  the  growth  rate  of  the 
grating  profile  for  all  spacings  after  about  4  minutes.  Separate 
experiments  showed  that  this  decrease  cannot  be  attributed  to  either  a 
chemical  degradation  in  the  etching  solution,  or  to  changes  in  the  etching 
rate  with  increasing  depth  in  the  GaAs  samples.  We  believe  that  after  the 
grooves  attain  a  specific  surface  morphology,  the  photo  generated  holes 
diffuse  spatially  such  that  a  constant  etching  rate  at  each  point  on  the 

groove  profile  is  maintained.  At  this  point,  it  is  observed  that  the 
urmodulated  etching  continues  at  a  constant  rate  but  the  groove  profile  does 
not  change . 

Photodeposition  of  Metal  Gratings 

The  experiments  to  investigate  photodeposition  of  m°tal  gratings  were 
accomplished  with  a  3-5  ntf,  frequency- doubled ,  argon-ion  laser.  This  laser 
has  sufficiently  short  wavelength  to  photodissociate  the  metal-alkyl  carrier 
gas,  (dimethyl  cadmium)  used  here,  and,  further,  it  has  an  useful  temporal 
coherence  length  —20  cm.  The  laser  beam  was  split  and  mixed  on  the  rear 
surface  of  a  quartz  flat  mounted  on  a  sample-cell  containing  dimethyl  cadmium 
gas.  The  angle  between  the  two  laser  beams  oould  be  adjusted  so  as  to 
examine  different  grating  spacings. 

Before  describing  the  results  obtained  here,  we  point  out  that  high- 
resolution  interference  effects  have  been  observed  previously  for 
photodeposition .7  in  these  cases,  it  was  found  that  fringes  with  periods 
of  —  0.17  ym  could  be  obtained  in  photode posited  metal.  The  origin  of 
these  structures  has  been  tied  to  the  stimulated  growth  of  sirface  plasma 
waves  in  a  deposit  growing  fras  photode  posited  parent  molecular  overlayers. 
The  fringes  result  from  the  interference  of  the  surface  waves  with  the 
incident  light.  While  these  fringes  are  of  great  scientific  interest,  their 
limited  coherence  length,  >2  um,  makes  their  practical  use  limited. 

With  our  experimental  setup,  we  readily  obtained  submicrometer 
diffraction  gratings.  In  general,  the  best  results  were  obtained  when  the 
ample  cell,  which  contained  10  torr  of  DMCd  and  80  Torr  of  buffer  gas,  was 
eooled  to  15®  C.  At  these  temperatures  physisorbed  molecular  layers  are 
thick  and  the  contribution  froa  ga^ phase  photodissociation  is  minimized. 
Since  the  interf erring  UV  beams  enter  the  cell  from  glass  with  index  n  > 
1.83,  the  minimus  fringe  spacing  is 


p  *  1 

n  sin8 


where  eMX  la  the  aaximia  angle  which  we  could  readily  obtain,  -  80°.  In 
fact,  crating  with  periods  aa  snail  as  300  nn  were  readily  nade.  Grating 
fora at ion  by  photodeposition  allows  direct  optical  monitoring  of  the 
deposition  by  a  noninvasive  optical  probe;  in  our  case  an  He:Ne  laser  was 
used.  The  probe  is  used  by  observing  the  minus- first- order  diffracted  light 
from  the  metal  grating.  For  snail  modulation  depths  the  intensity  of  the 
diffracted  light  is  proportional  to  h,  to  the  amplitude  of  the  grating 
ripple.  Thus  the  grating  growth  rate  can  be  monitored  through  the  rate  of 
Increase  in  the  diffracted  intensity. 


These  measurements  have  shown  clearly  one  of  the  most  striking 
phenomena  associated  with  optical  growth  of  diffraction  gratingp.  As  the 
angle  of  interference  is  varied  sh^rp  resonances  are  observed  in  the  grating 
growth  rates,  see  Fig  3.  These  resonances  are  the  result  of  enhanced 
coupling  of  light  into  surface  confined  waves  within  the  metal  film.  The 
resonances  occur  when  the  grating  spacing,  d,  is  equal  to  an  odd  multiple  of 
half  wavelengths  of  the  surface  wave  which  exists  at  the  frequency  of  the 
incident  optical  electric  filed,  that  is,  when® 


d(0) 


2n  +  1 


X 

s 


(2) 


where  m  is  an  integer,  is  the  real  part  of  the  metal  dielectric  constant, 

and  x  is  the  wavelength  of  the  uni tra violet  light  in  the  quartz  windcw. 

At  thes spacing  of  each  resonance  the  angle  one  of  the  diffracted  orders  is 
such  that  the  wavevector  of  the  light  is  just  parallel  or  along  the  surface 
of  the  metal.  Thus,  each  resonance  reprsents  a  spacing  such  that  the 
amplitude  of  the  surface  plasma  wave  intensity  is  maximized.  Since  the 
local  electric  field,  including  incident  and  scattered  waves,  determines  the 
rate  of  grating  growth,  the  deposition  is  fastest  at  resonance  spacings. 


As  seen  in  Fig.  3  the  grating  growth  rate  can  be  increased  by  as  much 
as  a  factor  of  8  at  resonance  caapared  to  that  for  off  resonance.  For  the 
laser  powers  and  grating  areas  oonsidered  here,  this  means  that  relatively 
dense  metallic  gratings  can  easily  be  grown  at  resonance,  spacings  whereas 
only  very  thin  structures  can  be  obtained  at  intermediate  values. 


CONCLUSION 


In  this  paper  we  have  reviewed  two  forms  of  holographic  photochemical 
processing.  In  both  cases,  the  Applications  were  the  production  of 
submicrometer  diffraction  gratings.  In  both  cases  unexpected  physical 
phenomena  at  the  interface,  control  the  grating  growth  rate  and  resolution. 
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ABSTRACT 

Submicrometer  gratings  have  been  etched  in 
GaAs  and  CdS  crystals  uhich  have  been  laoersed 
in  an  oxidizing  etch  and  Illuminated  with 
interfering  laser  beaas.  A  resolution  of  170 
na  was  obtained.  At  high  laser  intensity  and 
with  prolonged  etching  tiae  the  surface 
properties  of  the  material  are  degraded.  The 
use  of  in -situ  optical  measurements  of  grating 
parameters  allows  ready  optimization  of  the 
grating  fabrication  process. 

INTRODUCTION 

Recent  interest  in  guided  wave  optics  [1]  and  distributed  feedback  lasers 
[2]  has  profited  the  need  for  producing  gratings  with  periods  on  the  order 
of  100  no  on  semiconductor  materials.  Other  applications  Include  surface 
acoustic  wave  devices  [3]  and  negat lve-realstance  electron  devices  Ik]. 
Currently,  there  are  two  conventional  methods  for  grating  fabrication: 
holographic  lithography  [5]  and  eleetron-beao  lithography  16].  With  the 
former  method,  gratings  with  spacing  as  small  as  110  nm  have  been  produced; 
however,  this  technique  is  cumbersome,  and  grating  periods  are  generally 
restricted  to  be  greater  than  180  no.  With  electron-beam  technique,  gratings 
with  the  period  less  than  100  nm  can  be  produced.  But,  this  method  is 
limited  by  the  difficulties  of  producing  uniform  large-area  structures  and  the 
long  exposure  times,  which,  for  a  300  nm  grating,  can  be  as  long  as  one  hour 
per  square  millimeter  (6).  Both  methods  Involve  multiple  steps.  In  addition, 
for  both  methods,  photoresist  residues  cause  contamination  problems,  limiting 
their  use  in  electro-optical  applications. 

In  the  present  paper  we  describe  a  technique  for  producing  submicrometer 
gratings  by  a  holographic  method  with  direct  chemical  etching  in  an  oxidizing 
etch  [7].  The  resolution  of  this  technique  is  comparable  to  those  of  other 
methods,  FUthermore,  this  method  is  a  single  one-step  process  using  very  low 
laser  intensity.  Both  uniform  large-area  gratings  and  special  grating 
profiles  (e.g.  blazed)  can  be  easily  fabricated. 

The  anodic  dissolution  of  a  semiconductor  in  an  oxidizing  etch  is  general¬ 
ly  Influenced  by  the  number  of  carriers  present  at  the  surface.  Since  light 
lncl.ent  on  the  semiconductor  surface  produces  electron-hole  pairs,  a  pattern 
of  light  produces  a  corresponding  pattern  of  available  carriers.  The  photo¬ 
generated  carriers,  typically  holes  for  n-type  GaAs,  control  the  etching  rate 
of  a  semiconductor  producing  an  engraved  pattern  in  its  surface.  The  resolu¬ 
tion  of  the  etching  process  may  be  shown  to  be  a  direct  consequence  of  rapid 
surface  recombination  velocity,  due  to  the  etching  reaction,  and  the  surface- 
nor-  electric  field,  due  to  the  semiconductor  band  bending  at  the  Interface. 
Our  results  show  that  170  nm  gratings  are  easily  obtained  and  we  anticipate 
that  with  an  appropriate  optical  arrangement,  a  resolution  below  100  nm  is 
possible. 
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EXPERIMENT 

The  actual  experimental  arrangement  used  for  the  holographic  exposure  la 
shown  In  Pig*  1*  8  laser  bean  from  an  argon-ion  laser  emitting  at  514.5, 

488.0,  or  457.9  nm  passes  through  a  spatial  filter.  The  filtered  beam  is 
incident  on  a  right  angle  corner  on  which  are  mounted  a  mirror  and  a  semi¬ 
conductor  sample.  The  corner  is  inside  an  optical  cell  containing  an  etching 
solution.  The  Interference  pattern  is  produced  by  the  superposition  of  the 
direct  and  the  reflected  beams  inside  the  solution.  The  grating  period,  s,  is 
given  by 


s  * 


X 

2  n  sintj 


(1) 


where  X  is  the  free-space  wavelength  of  incident  light,  n  is  the  index  of 
refraction  of  the  solution  and  is  the  Incident  angle  on  the  sample  sur¬ 
face.  The  incident  light  is  s-polarized.  After  passing  through  the  spatial 
filter,  the  laser  beam  goes  through  the  window  of  the  optical  cell,  and  it  is, 
therefore,  desirable  to  match  as  much  as  possible  the  Indices  of  refraction  of 
the  solution  and  the  window  in  order  to  reduce  spurious  interference  patterns. 


TOP  VIEW: 


ETCHING  SOLUTION 


Pig.  1  Experimental  arrangement  for  grating  fabrication  by  direct  chemical 
etching 


The  experiment  was  done  on  GaAs  and  CdS  crystals.  A  comparison  was  made 
of  etching  gratings  on  n(10l8  cm*7)  and  SI  GaAs  of  (100)  and  (111)  orien¬ 
tations.  On  all  samples,  good  quality  and  small-period  gratings  were  pro¬ 
duced.  Figure  2  shows  a  SEM  photograph  of  200-nm  grating  on  n-type  GaAs. 

Using  457.9  nm  line  we  have  recently  obtained  gratings  with  a  170  -nm  period. 
Successful  gratings  on  CdS  (undoped)  were  produced  only  on  prismatic  faces, 
parallel  to  the  optical  axes,  as  shown  on  Fig.  3.  We  failed  to  produce  good 
quality  gratings  on  A  and  B  CdS  faces. 


\ 

\ 

\ 
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Fig.  2  The  SEM  photographs  of  a  200-nn  grating  on  n-type  GaAs.  Fig.  (a) 
shows  the  top  view  of  the  (100)  surface  and  Fig.  (b)  shows  the 
profile  of  the  grating. 


Fig.  3  The  photograph  of  the  grating  formed  on  a  prismatic  face  of  CdS 
(undoped).  The  periodicity  is  about  400  ns. 


Although  several  different  etching  solutions  (e.g.  NHaOH,  HjOj,  and  H2O, 
or  KC1,  HC1,  and  H?0)  were  used,  most  of  the  work  was  done  with  the  follow¬ 
ing  solution:  H;S0^,  HjOj  and  H2O  (8).  Since  we  were  prisarlly  concerned  with 
grating  periods  less  than  400  ns,  it  was  necessary  t:  choose  an  etch  compo¬ 
sition  with  a  sufficiently  slow  dark  etching  rate,  that  the  products  of 
the  etching  reaction  would  not  Interfere  with  the  de.-.opsent  of  the  grating. 
Based  on  an  initial  seasureaent  of  the  dark  and  light -enhanced  etching  rates 
for  different  cosposltions,  we  selected  the  following  composition  for  our 
experiments:  HjSOi):  Hg02:  H2O  *  1:1:50. 
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ARGON  ION  LASER 


GRATING 


Fig.  A  Experimental  arrangement  for  the  ln-sltu  measurement. 


OPTICAL  MEASUREMENT  OF  GRATING  PARAMETERS 

The  ln-situ  measurement  enabled  us  to  observe  the  quality  or  the  etched 
surrace  and  determine  grating  parameters  during  the  etching  process.  This 
provides  a  convenient  means  of  studying  the  fabrication  process  and  It  has 
allowed  the  optimization  of  the  process  parameters.  The  ln-sltu  measurement 
arrangement  Is  represented  In  Fig.  A.  The  probe  was  a  HeNe  laser,  operating 
at  633  nm.  In  order  to  minimize  etching  with  the  output  from  the  HeNe  laser, 
the  beam  was  attenuated  and  chopped  with  a  small  duty  cycle.  The  Intensities 
of  diffracted  beams  were  measured  with  a  power  meter.  For  small  period 
gratings,  measured  here,  ~  *00  nm,  the  relatively  long  wavelength  of  the 
probe-beam  allowed  only  diffraction  of  the  zero  and  the  minus  first  order  . 

To  determine  the  important  parameters  of  the  grating,  the  spacing,  s,  and 
the  groove  depth,  d,  we  measured  the  angular  position  6  and  the  relative 
Intensity  of  the  minus  first  diffraction  order,  I-i/Xoo>  when  the  sample  Is 
Irradiated  with  s-polarized  light  at  the  angle  or  incidence  6j.  The 
diffraction  angle  6.x  Is  related  to  ex  by 

sin  e.x  ■  *  *in  ®1  (2) 

n  s 

where  Xp  Is  the  free-space  wavelength  of  the  probe  beam.  If  Iqo  Is  the 
Intensity  of  the  beam  reflected  from  the  polished  crystal  surface  (taken  as 
1001 ) ,  the  theoretical  value  (9)  of  the  Intensity  of  the  minus  first  order  as 
a  function  of  the  grating  depth,  d.  Is  given  by 

I-1  >  jf  y  d  (l«cos  e_x)^ 


(3) 


where  Jj  ts  the  Bessel  function  of  the  first  kind,  order  one.  Here  we  assumed 
that  the  gratify  surface  la  purely  sinusoidally  corrugated.  As  one  can  see 
(Fig.  2),  our  gratings  showed  the  deviation  froa  the  sinusoidal  curvature,  but 
we  can  use  Eq.  3  as  an  approx laatlon  to  eatlaate  the  grating  depth.  An  exact 
calculation  requires  the  Fourier  expansion  of  the  surface  corrugation. 

Figure  5  shows  the  dependence  of  the  relative  specular  reflection  Intensity 
IO/lOO  on  the  exposure  tlae  (etching  tlae).  During  the  aeasureaent  we  used 
only  a  single  non-interfering  argon-ion  laser  beaa.  As  a  result  we  obtained 
lnforaation  about  the  scale  of  roughness  that  occurs  when  the  saaple  Is 
laawrsed  In  the  solution.  One  can  observe  the  surface  degradation  under 
different  light  Intensities  with  prolonged  etching  tlae.  The  results  Indicate 
that  the  growth  rate  of  the  statistical  surface  roughness  depends  on  the  laser 
Intensity. 


EXPOSURE  TIME  (MINUTES) 


Fig.  5  The  normalized  intensity,  l0/Ioo,  of  the  reflected  He  He  beaa  froa  the 
GaAs  surface  during  the  etching  process  as  a  function  of  the  exposure 
tlae.  Results  for  two  different  laser  intensities  are  shown. 


The  relative  Intensity  of  the  alnus  first  diffraction  order,  I.j/Iqo.  has 
been  measured  as  a  function  of  the  exposure  tlae.  The  results  for  two 
different  Incident  laser  powers  are  given  In  Fig.  6.  He  found  that  at  the 
beginning  of  the  grating  growth  the  exposure  tlae  is  proportional  to  the 
grating  depth,  assunlng  a  constant  etching  rate.  Thus,  at  the  beginning,  the 
growth  of  a  good  quality  grating  Is  observed,  since  the  relative  intensity 
I-l/lOO  follows  the  appropriate  Bessel  function.  The  later  decrease  of 
I-l/lOO  13  related  to  the  statistical  roughness  of  the  etched  surface  (see 
Fig.  5)  and  to  a  change  of  the  etching  rate.  The  proportionality  of  the 
exposure  tlae  and  the  grating  depth  Is  not  valid  in  this  region.  In  our 
exaaple  we  found  that  the  exposure  tlae  of  90  seconds  uas  optiaal,  giving  the 
grating  depth  of  about  160  ns. 
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EXPOSURE  TIME  (MINUTES) 


Fig.  6  Relative  Intensities  of  the  minus  first  diffraction  order  vs  the 

exposure  tlae.  the  diffraction  1*  froa  the  n-type  Gafts  surface  during 
the  fabrication  of  a  AOO-na  grating. 


Froa  the  Fig.  6,  at  can  also  observe  the  effect  of  laser-light  Intensity. 

At  a  higher  Intensity  the  etching  rate  la  higher,  but  the  surface  degradation 
Is  faster  and  stronger.  For  the  intensities  above  1  W/ca2  we  even  observed 
total  distraction  of  gratings.  For  our  experimental  conditions  the  optlaal 
laser  Intensities  were  between  10  and  50  aW/ca2 . 

CONCLUSION 

He  have  demonstrated  a  technique  for  producing  a  hlgh-resolution  periodic 
structure  on  compound  seaiconductors.  Gratings  with  the  spacing  of  170  na 
were  produced.  The  aethod  la  distinguished  by  slapllclty  and  efficiency. 
Optical  aeasureaents  of  grating  parameters  during  the  etching  aake  the  process 
optiaizatlon  possible. 
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Submicrometer  optical  gratings  are  produced  in  a  GaAs  surface  by  a  laser  enhanced,  wet-etching 
process  which  permits  the  fabrication  of  different  grating  profiles.  The  etch  process  was 
investigated  by  in  situ  optica]  measurements  of  the  diffracted  beams  and  electron  microscopy. 


PACS  numbers:  81.60.  —  j,  42.80.Fn 

High  resolution  optical  gratings  with  periods  between 
100  and  300  r.m  are  required  for  many  electro-optical  de¬ 
vices  of  III  V  compounds.1  In  the  case  of  optical  couplers, 
the  gratings  must  be  blazed  to  be  efficient.  It  has  been  pre¬ 
viously  shown*-3  that  laser-enhanced  liquid  etching  is  a  sim¬ 
ple  and  convenient  method  for  fabrication  of  semiconductor 
gratings  with  spacings,  from  the  hundred  micrometer  to  the 
micrometer  range.  Since  this  method  is  simple  and  direct, 
i.e.,  maskless,  it  has  advantages  over  conventional  lithogra¬ 
phic  techniques.4-5  Here,  we  report  on  fabricating  ultrahigh 
resolution  gratings,  ~  200  nm,  with  controllable  and  repro¬ 
ducible  optical  properties.  Furthermore,  we  show  that  under 
different  conditions  a  variety  of  groove  profiles,  including 
blazed,  sinusoidal,  and  “impulse”  shapes,  can  be  made. 

An  important  feature  of  the  direct  etching  process  is 
that  the  parameters  of  gratings  can  be  monitored  during  fab¬ 
rication.3  Using  in  situ  optical  measurements  of  grating  pa¬ 
rameters,  an  optimization  of  the  etching  process  for  different 
semiconductor-electrolyte  systems  is  possible.  In  addition, 
the  in  situ  measurement  provides  data  on  the  ultimate  reso¬ 
lution  and  physics  of  the  liquid  etching  processes. 

The  experimental  arrangement  used  is  simple,  me¬ 
chanically  stable,  and  is  readily  adjusted  to  obtain  a  wide 
range  of  grating  spacings3  (see  insert  Fig.  1).  A  laser  beam 
from  a  moderate-power  argon-ion  laser  passes  through  a 
spatial  filter  and  a  collimator  before  impinging  on  a  right- 
angle  corner.  The  corner,  on  which  a  mirror  and  a  semicon¬ 
ductor  sample  are  mounted,  is  inside  an  optical  cell  contain¬ 
ing  an  H202:H2S04:H20  etching  solution.  An  interference 
pattern  is  produced  by  the  superposition  of  the  direct  and  the 
reflected  beams  inside  the  solution,  which  has  an  index  of 
refraction  greater  than  one,  approximately  1.33,  due  to  the 
high  water  content.  The  dissolution  of  GaAs  in  this  solution 
is  influenced  by  the  number  of  carriers  present  at  the  semi¬ 
conductor  surface.  For  n-type  GaAs,  photogenerated  holes 
accelerate  the  etching  rate6  thus  forming  a  photoengraved 
pattern  in  the  solid  surface.  Although  we  have  formed  high 
resolution  gratings  on  other  III-V  as  well  as  on  II-VI  com¬ 
pound  semiconductors,  we  confine  our  attention  in  this  let¬ 
ter  to  n-type  GaAs  doped  with  Si,  n  =  10'*  cm-3,  and  with 
( 1 00)  crystal  orientation .  The  grating  grooves  were  generally 
made  parallel  to  the  [110]  direction. 

In  order  to  perform  in  situ  monitoring,  a  beam  splitter 


was  inserted  in  the  optical  train  of  the  main  beam  to  “split 
off”  a  probe  beam.  The  probe  beam  was  further  attenuated 
and  chopped  at  a  small  duty  cycle  in  order  to  avoid  unwant¬ 
ed  etching.  The  diffracted  light  (see  insert  in  Fig.  1 ),  which 
was  measured  with  a  commercial  power  meter,  can  then  be 
related  to  the  groove  depth  and  profile.  Detailed  groove  pro¬ 
files  were  measured  with  a  scanning  electron  microscope 
(SEM).  The  argon-ion  laser  was  operated  in  one  of  two  lines: 
S14.S  or  4S7.9  nm.  The  maximum  laser  intensity  was  700 
mW/cm2;  however,  300  mW/cm1  was  the  typical  intensity- 
used  in  the  experiments.  Notice  that  for  this  range  of  laser 
intensity,  thermal  effects,  either  in  the  solution  or  on  the 
semiconductor  surface,  can  be  neglected. 

For  example,  in  Table  I  we  compare  different  ratios 
between  unmodulated  etching  and  grating  etching  rates  for 
two  etching  solutions.  As  Table  I  shows  the  etching  solution 
with  the  best  performance  for  gratings  with  resolution  better 
than  600  nm  was  H202:H2S04:H20  =  1:1:100.  Similar  re¬ 
sults  were  found  by  measuring  the  optical  quality  of  gratings. 
Typically,  the  etching  time  was  between  2  and  6  min.  Using 
the  above  experimental  arrangement  we  have  produced  1 70- 
and  200-nm  gratings  with  maximum  depth-to-spacing  ratios 
d/s  of  typically  0.2;  e.g.,  for  the  200-nm  grating  a  depth  of  40 
nm  was  observed.  For  gratings  with  spacings  >  1  fi m,  the 
depth-to-spacing  ratio  exceeds  0.4;  for  example,  the  2-/um 
gratings  had  a  ratio  of  0.8.  The  gratings  were  uniform  and 
without  secondary  ripples  over  a  relatively  large  area  of  —  1 
cm3.  This  area  was  limited  by  the  uniformity  of  the  laser 
beam.  The  maximum  resolution  reported  here  was  limited 


FIG.  1.  Measured  grating- 
groove  depth  vs  the  etching 
time  in  an  1:1:100  solution 
for  different  grating  spacings. 
The  points  ate  evaluated  by 
SEM  measurement.  The 
curve  for  the  200-nm  grating 
is  obtained  by  in  situ  mea¬ 
surements.  The  insert  shows 
a  part  of  the  experimental  ar¬ 
rangement. 
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TABLE  I  .Ratios  between  unmodulated  etching  rate  and  grating  growth 
rate  for  two  different  solutions  Dnpitt  the  large  difference  in  the  ratio 
between  the  I  •  and  0  2 -pm  grating*  the  grating  formation  time  for  the  maxi¬ 
mum  observed  depth  it  comparable  for  Ihetc  two  grating  spacing*,  as  shown 
in  Fig  I  for  solution  |b|  Unmodulated  etching  rate  is O.S/im/min  for  solu¬ 
tion  la).  and  0.2  /im/mm  foe  solution  (b|. 


Grating 

spacing 

Ui«l 

Ratio  for 

1  1  25 
solution  la) 

Ratio  for 

1:1  100 
solution  (b) 

1.0 

020 

0.23 

06 

0  12 

0  20 

0.3 

002 

006 

0.2 

0004 

003 

only  by  the  wavelength  of  the  laser  light;  in  a  separate  series 
of  experiments  we  have  used  UV  radiation  to  obtain  even 
smaller  periods. 

In  general,  the  etching  rates  for  the  submicrometer 
gratings  were  found  to  be  dependent  on  the  grating  spacing. 
Figure  1  shows  this  behavior  by  displaying  the  measured 
depth  as  function  of  the  etching  time  for  different  grating 
spacings.  The  data  were  obtained  by  SEM  photographs  of 
the  GaAs  samples  cleaved  perpendicular  to  the  grooves.  The 
slopes  of  the  curves  indicate  the  grating  growth  rate.  In  the 
first  3-5  min  the  gratings  grow  with  a  constant  rate.  For 
smaller-sparing  gratings,  i.e.,  <  1  /im,  the  rate  decreases  due 
to  the  lateral  carrier  diffusion  on  the  surface.  A  simplified 
model  gives  an  expression7  for  carrier  distribution  AP  at  a 
semiconductor  surface  illuminated  with  two  interfering  light 
beams.  In  this  model  we  initially  assume  a  carrier  diffusion 
length  in  the  semiconductor  which  is  smaller  than  the  light 
absorption  depth  and  a  moderate  surface  recombination. 
Then, 

where  G  is  a  factor  proportional  to  the  carrier  generation 
rate,  L  the  carrier  diffusion  length  in  the  bulk,  s  the  grating 
spacing,  and  x  the  direction  normal  to  the  grating  grooves 
along  the  surface.  If  it  is  assumed  that  the  local  etching  rate  is 
proportional  to  the  carrier  density,  Eq.  ( 1 )  gi  ves  the  variation 
of  etching  rate  with  groove  spacing.  By  comparing  the  mea¬ 
sured  rates  for  the  different  spacings,  an  approximate  diffu¬ 
sion  length  L  of  0.12  fim  can  be  obtained.  This  diffusion 
length  is  considerably  smaller  than  the  literature  value  of  1 
/tm  for  the  GaAs  (Ref.  8)  used  in  our  experiment.  We  believe 
that  this  difference  can  be  explained  by  the  strong  built-in 
electric  field  in  the  depletion  region  normal  to  the  interface 
and  the  short  carrier  lifetime  at  the  surface,  due  to  the  chemi¬ 
cal  reaction. 

Another  feature  in  Fig.  1  is  the  decrease  in  the  growth 
rate  of  the  grating  profile  for  all  spacings  after  about  4  min. 
Separate  experiments  showed  that  this  decrease  cannot  be 
attributed  to  either  a  chemical  degradation  in  the  etching 
solution,  nor  changes  in  the  etching  rate  with  increasing 
depth  in  the  GaAs  samples.  We  believe  that  after  the  grooves 
attain  a  specific  surface  morphology,  the  photogenerated 
holes  diffuse  spatially  such  that  a  constant  etching  rate  at 
.each  point  on-the  groove  profile  in  maintained.  At  this  point. 


it  is  observed  that  the  unmodulated  etching  continues  at  a 
constant  rate  but  the  groove  profile  does  not  change. 

In  general,  the  profile  of  the  grating  grooves  depends  on 
the  details  of  the  carrier  movement  within  the  semiconduc¬ 
tor,  the  relative  magnitude  of  the  dark  versus  light-enhanced 
etching  rate,  and  the  anisotropy  in  the  etching  process.  We 
investigated  the  profiles  of  gratings  on  n-type  GaAs  for  sev¬ 
eral  different  crystal  orientations  using  different  spacings 
and  etching  solutions.  For  the  dilute  1 : 1 . 100  solution  used  in 
the  experiments,  we  found  that  crystal  orientation  did  not 
influence  the  grating  profiles  and  etch  rates.  Generally,  grat¬ 
ings  with  spacings  >  1  /im  had  a  sinusoidal  profile  [see  Fig. 
3(a)],  which  is  to  be  expected  for  a  linear  dependency 
between  etching  rate  and  light  distribution  on  the  surface. 
On  the  other  hand,  submicrometer  gratings  showed  a  devi¬ 
ation  from  simple  sinusoidal  profile;  typically  a  cusped  pro¬ 
file  was  observed.  Figure  2  shows  the  development  of  charac¬ 
teristic  groove  profile  for  a  300-nm  grating.  This  deviation 
cannot  be  explained  by  a  simple  theory  based  on  an  isotropic 
diffusion  of  the  holes  at  the  semiconductor  surface.  Local 
variations  in  the  hole  drift  due  to  photoinduced  electric 
fields,  both  normal  and  transverse  to  the  surface  and  the 
interference  patterns,  give  rise  to  higher  order  components 
in  the  groove  profile,  as  shown  in  Fig.  2. 

Because  of  the  practical  importance  of  blazed  gratings 
we  have  developed  a  simple  technique  for  their  fabrication. 
The  approach  was  to  tilt  the  semiconductor  substrate  so  that 
the  bisector  of  the  angle  of  the  interference  was  at  an  angle 
with  respect  to  the  surface  normal.  This  tilting  was  accom¬ 
plished  by  mounting  the  substrate  on  a  non-right -angle  cor¬ 
ner;  the  deviation  from  90*  represents  the  blazed  angle.  The 
tilting  of  the  substrate  in  conjunction  with  the  continuous 


.  600  nm 

I -  H 

FIG.  2.  SEM  micrographs  of  the  groove  profile  for  300-nm  gratings  on 
GaAs  after  different  etching  times  in  the  1:1:100  solution.  The  etching  time 
was  fa)  I  min.  (b|  2  min,  and  |c)  3  min. 
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FIG.  3.  SEM  micrographs  of  gratings  with  (a|  sinusoidal.  |b|  blazed,  and  tel 
"impulse"  profile. 

dark  etching,  which  progresses  normal  to  the  surface,  pro¬ 
duces  a  clear,  blazed  profile,  as  shown  in  Fig.  3(b).  The  pro¬ 
file  can  be  triangular  or  cusped  depending  on  the  relative 
magnitude  of  the  uniform  and  light-enhanced  etching  rate. 

More  unusual  grating  profiles  could  be  produced  under 
extreme  conditions  of  etching.  For  example,  using  a  solution 
with  a  10  times  higher  H,0:  content  than  the  value  quoted 
above  and  a  laser  power  density  of  1  kW/cnr,  we  produced  a 
3-/zm  impulse  grating  whose  profile  was  a  series  of  narrow 
peaks  [see  Fig.  3(c)].  We  believe  that  the  extremely  fast  etch¬ 
ing  rates  under  these  conditions  had  a  strong  anisotropic 
nature  which  caused  this  particular  profile.9 

An  important  dimension  of  the  direct  optical  fabrica¬ 
tion  is  that  the  growth  of  the  grating  can  be  monitored  dur¬ 
ing  the  fabrication  process.  In  the  case  described  here  the 
grating  properties  can  be  monitored  by  observing  the  zer- 
oeth  or  minus  first  order  /  _  ,  diffracted  light  from  the  probe 
beam  (see  insert  Fig.  1).  Theoretical  treatments  of  a  simple 
sinusoidal  grating  have  shown  that  the  ratio  of  the  minus 
first  order  diffracted  and  the  initially  reflected  A*  beams  is 
given  by10 

/-t//oo  =  -'ff(2fw<//>iKl  +cos0_,)J  (2) 

where  d  is  the  depth  of  the  grating  grooves,  A  the  free-space 
wavelength  of  the  probe  beam,  n  the  index  of  refraction  of 
the  solution,  and  0  _  ,  the  angular  position  of  minus  first 
order.  For  a  nonsinusoidal  grating,  such  as  observed  for 
spacings  <  1  /zm,  this  relation  still  gives  a  good  approxima¬ 
tion  for  shallow  gratings.  From  the  position  of  the  first  maxi¬ 
mum  of  the  Bessel  function,  the  grating  growth  rate  can  be 
determined  within  an  accuracy  better  than  10%.  However, 
Eq.  (2)  is  inadequate  for  deeper  grating  profiles,  as  numerical 
simulations  and  experimental  results  have  shown.  In  that 
case  the  magnitude  and  shape  are  strongly  dependent  on  the 
groove  profiles.  Notice  that  by  monitoring  the  /  _  ,  intensity 
it  is  possible  to  obtain  a  direct  and  in  situ  control  of  the 
fundamental  grating  characteristics. 


FIG.  4.  Relative  intensity  of  the  minus-first-order  diffracted  beam.  /  ,  //,„ 
(a),  from  a  300-nm  grating  as  function  of  the  etching  time.  For  comparison 
the  theoretical  curve  (b!  evaluated  by  Eq.  (2)  is  inserted. 


Figure  4  shows  the  measured  ratio  I  _  ,  //,*,  as  a  func¬ 
tion  of  the  etching  time  for  a  0.3-/zm  grating.  A  curve  calcu¬ 
lated  from  Eq.  (2)  using  the  constant  grating  growth  rate, 
given  in  Fig.  1,  is  included  on  the  same  plot.  The  agreement 
in  the  overall  shape  of  the  curves  is  excellent.  Note,  however, 
that  the  measured  curve  does  not  drop  completely  to  zero  at 
the  largest  time  point  shown.  This  behavior  reflects  the  satu¬ 
ration  in  the  etching  rate  shown  in  Fig.  1,  thus  precluding  a 
total  “zeroing"  of  the  /  _  ,  intensity  as  predicted  by  Eq.  (2). 
For  long  etching  times,  not  shown  in  Fig.  4,  the  groove  pro¬ 
files  degrade  due  to  random  surface  material  defects  and 
beam  inhomogeneity. 

The  experimental  results  given  here  indicate  that  sub- 
micrometer  gratings  with  s/d  ratios  of  0.2  to  0.8  can  be  pre¬ 
cisely  fabricated  in  GaAs  using  laser  chemical  etching  with 
in  situ  monitoring.  The  groove  profiles  and  growth  rate  for 
different  spacings  indicates  that  the  chief  limitation  on  pro¬ 
cess  resolution  in  the  visible  wavelength  range  is  the  diffu¬ 
sion  of  carriers  produced  below  the  semiconductor  surface. 
Shorter  laser-wavelength  radiation,  which  has  smaller  opti¬ 
cal  penetration  depth,  would  alleviate  this  limitation. 

Finally,  we  would  like  to  thank  Joan  Whelan  and  Paul 
McGuffin  for  help  in  the  SEM  measurements,  and  Peter 
Brewer,  Julian  Chen,  and  Vincenzo  Oaneu  for  many  helpful 
discussions.  This  work  was  supported  by  the  Defence  Ad¬ 
vanced  Research  Project  Agency  and  the  Air  Force  Office  of 
Scientific  Research. 
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Abstract 


Ve  report  on  deep-ultraviolet  (UV),  light-assisted  wet  etching  of 
GaAs.  The  etching  ehemistry  differs  froa  that  using  visible  wavelengths 
and  all  doping  types  of  GaAs  can  be  efficiently  etched.  The  UV 
processing  offers  rapid  etching  at  low,  nontheraal  laser  intensities  and 
peraits  very  deep,  vertical  features  to  be  Bade. 


2 


Light-enhanced,  electrodless,  wet  etching  has  been  aueessfully  used 
for  maskless  patterning  ofcoa  pound  seal  conductors.  Typically,  the 
photogenerated  alnorlty  carriers  at  the  seal conductor-solution  Interface 
Induce  or  accelerate  the  etching,  thus  forcing  a  photoengraved  pattern 
In  the  solid  surface.1  Recently,  this  technique  was  used  In  conjunction 
with  laser  Interferoaetry  to  fabrlcste  ultrahlgh-resolutlon  gratings  on 
GaAs  with  controlled  groove  prof lies. 3  In  that,  and  In  cost  of  the 
previously  reported  experiments  with  coo pound  semiconductors,**^  visible 
or  near-DV  light  was  used  to  Irradiate  the  semiconductor  samples  mounted 
in  the  etching  solution. 

In  this  letter,  we  describe  a  series  of  experiments  in  which  we 
have  used  deep-ultraviolet  laser  light  for  fast,  maskless  wet  etching  of 
GaAs,  Including  n,  p,  and  seal Insulating  (SI)  substrates  with  (100) 
orientation.  For  all  doping  types,  the  etch  rates,  at  low  laser 
Intensities,  were  higher  In  the  deep-ultraviolet  than  in  the  visible. 
This  rapid,  room  temperature  etching  process  has  enabled  us  to  etch,  for 
example,  micrometer-scale  vla-holes  with  perfectly  vertical  walls, 
through  a  standard  GaAs  wafer.  He  attribute  the  rapid  etching  rates  to 
the  Interfacial  chemistry  which  occurs  when  deep-OV  radiation 
illuminates  a  semiconductor  surface  in  an  aqueous  solution. 

For  the  etching  experiments  in  the  ultraviolet,  the  257 -nm  output 
from  a  frequency-doubled  Ar *  laser  was  used.  The  comparison  with 
etching  at  visible  wavelengths  was  done  with  the  fwdamental  5l*-nm 
line.  The  laser  power,  incident  on  the  GaAs  surface  ranged  from  50 
tff/cm?  to  2  kV/eo?.  The  laser  light  was  coupled  into  a  microscope  and 
focused  to  a  *-5«<o  spot  on  the  GaAs  surface.  The  semiconductor  sample 


3 


ms  Mounted  Inside  e  quarts  oell,  filled  with  en  etching  solution,  in 
sueh  s  position  that  the  light  psth  through  the  liquid  wss  ~  800  pa. 
Using  s  ooaputer-oontrolled,  Microscope  stage,  we  could  scan  the  saaple 
perpendicular  to  the  axis  of  the  laser  be  as.  In  order  to  detemlne  the 
quality  and  the  depth  of  etched  structures,  the  sealoonductor  was 
cleaved  precisely  across  the  etched  structures.  The  cross-section  of 
the  etched  features  were  Investigated  with  an  optical  Microscope  or,  in 
sooe  cases,  with  a  scanning-electron  Microscope  (SEM).  Also,  a  stylus 
profiloaeter  was  used  to  Measure  the  depth  of  shallow,  etched 
structures. 

For  the  Measurements  described  in  this  letter  we  used  three  doping 
types  of  (100)  CaAs  -  Si-doped  (nslO1®  ea“3)f  Cr-doped  (resistivity 
>10?  0-em),  and  Zn-doped  (psIO1®  cn~3).  Also,  three  different  aqueous 
solutions  were  exanined,  one  tertiary  solution,  RpSOij  :  :  HpO,  and 

two  binary  solutions,  HWO3  :  flfcO,  and  KOf?  :  HgO.  Etching  solutions  were 
diluted,  so  as  to  have  snail  or  no  dark  etching.  The  specific  reagent 
eonposltlons  were  97*  HjSO^,  30*  H?02  and  70*  BHOj  by  volune,  and  85* 

EOH  by  weight. 

The  solutions  used  in  our  experlsents  did  not  exhibit  strong  OV 
activation  of  the  bulk  liquid.  Such  an  effect  would  be  deterious  for 
the  high  resolution,  naskless  etching.  Bulk  activation  was,  however, 
observed  for  higher-concentration  solutions, 7  «.g.  A*  H202  or  10*  HNO3, 
by  volune.  In  these  eases  weak  nonlocalixed  etching  was  observed  up  to 
several  nilliaeters  froa  the  focused  spot.  In  general,  we  find  that 
such  delocalised  etehing  correlates  well  with  the  degree  of  0V 
absorption  In  the  etching  solution. 

Figure  1  shows  the  etch  rates  for  n-type  GaAs  in  different  etching 
solutions  as  a  function  of  OV  or  visible  light  intensity.  A  typical 


The  difference  In  UV  and  visible  light  etching  in  the  low  intensity 
region  of  Pig.  1  oennot  be  explained  by  the  feet  that  sore  Minority 
carriers  are  created  close  to  the  surface  under  UV  than  under  visible 
illumination.  It  is  known  that  for  n-type  GaAs  the  photogenerated  holes 
are  driven  to  the  surface  by  the  electric  field,  which  is  due  to  the 
band  bending  in  the  semiconductor.10  Por  the  doping  level  used 
here,  101®  cm-3,  the  electric-field-region  depth11  is  estimated  to  be 
30  nm.  A  comparison  with  the  light-penetration  in  GaAs  for  the 
visible1^  (100  nm)  and  the  ultraviolet 12  (5  nm)  clearly  shows  that  only 
in  the  ultraviolet,  will  all  photogenerated  holes  be  driven  to  the 
surface  by  the  electric  field  prior  to  recombination.  However,  because 
of  the  higher  energy  per  photon  and  the  Increased  reflection  in  the 
UV,12  the  total  volumetric  hole  production  per  wit  incident  laser 
intensity  is  smaller  than  in  the  visible.  Thus,  for  equal  laser 
intensities,  approximately  the  same  number  of  holes  will  reach  the 
surface,  for  both  visible  and  UV  illusiination. 

The  observations  at  low  laser  intens  .es  suggest  that  the  basic 
Interface  ohemlstry  is  changed  under  UV-illumination.  Por  example,  the 
observed  chemical  activation  of  deionized  water  requires  injection  of 
holes  from  GaAs  to  the  H2O/O2  redox  level.  This  level  is  located 
— 0.A  eV  below  the  top  of  the  GaAs  valence  band.1?  Thermallzed  holes  in 
the  valence  band  are  not  able  to  access  this  redox  level  and  to  activate 
the  reaction;  thus,  we  require  hot,  nonthermallzed  holes  at  the  GaAs 
water  Interface  to  obtain  this  particular  chemical  reaction.  In  fact, 
previous  experiments  have  shown  that  hot  electrons  are  active  in 
promoting  surface  chemical  reactions. 1l*  It  is  reasonable,  therefore, 
that  the  hot  holes,  excited  in  GaAs  will  cause  the  oxidation  reaction 
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In  GaAs  crystals,  the  visible  light  photons  are  absorbed  by  the 
electron  transitions  in  the  center  of  the  Brlllouln  zone  and  the  excess 
photoenergy  Is  transfered  to  electrons  only;  further,  aost  carriers  are 
created  deep  in  the  seal conductor  and,  thus,  energy  relaxation  occurs 
during  diffusion  to  the  surface.  However,  the  257 -nm  photons  induce  a 
transition  at  the  I-edge  of  the  Brlllouln  zone1 5  and  the  UV -generated 
holes  are  created  deep,  ^2.5  eV,  below  the  top  of  the  valence  band. 
Since  these  holes  are  produced  within  5  nm  froo  the  liquid-solid 
interface,  energy  relaxation  is  incomplete  for  carriers  reaching  the 
surface.  Using  a  physical  model1^  and  rate  data1?  for  hot  electrons  in 
GaAs,  we  conservatively  estimate  that  the  corresponding  energy 
relaxation  time  for  holes  in  our  experiment  is  10~12s.  This  is 
considerably  longer  than  the  transit  time,  through  the 

laser  illuminated  layer  on  the  GaAs  surface.  This  estimation  predicts 
that  most  of  the  photoexclted  holes  would  reach  the  solid-liquid 
interface  with  enough  excess-energy  to  access,  for  example,  the  HzO/O? 
redox  level.  A  more  accurate  calculation  will  need  a  detailed  model  for 
the  recombination  and  transport  of  UV -generated  carriers. 

Despite  the  fact  that  the  enhanced  etching  rate  is  not  directly 
attributable  to  the  very  small  optical  absorption  depth  in  the  UV,  the 
fact  that  carriers  are  produced  virtually  on  the  GaAs  surface  influences 
two  major  etching  characteristics.  First,  the  process  resolution  which 
depends  on  the  carrier  diffusion  towards  and  in  the  interface  region  of 
the  semiconductor,  is  increased.  For  visible  light2»3  this  resolution 
limit  is  about  200  nm.  We  have  recently  shown  that  by  using  257-nm 
light  in  conjunction  with  the  holographic  set-up  discussed  elsewhere,2 
100-nm  gratings  with  good  quality  can  be  produced;?  aecond,  that  all 


three  doping  types  of  QaAs  oen  be  readily  etohed  in  a  vide  variety  of 
etehlng  solution,  see  Table  I.  Generally,  the  difference  in  etching 
rates  between  n-type,  SI,  and  p-type  materials  is  attributable  to  the 
difference  in  the  carrier-collection  efficiency.  In  p-type  GaAs  for 
example,  the  band-bending  electric  field  drives  the  photogenerated  holes 
away  from  semiconductor  surface,  whereas  in  n-type  material  the  opposite 
Is  true.  Only  holes,  generated  in  the  first  3-4  atomic  layers  can  reach 
the  semiconductor  surface  by  a  random,  thermal  notion.  Ve  estimate 
that  ~~5t  of  the  UV-generated  holes  will  reach  the  surface  in  p-type 
GaAs.  This  number  is  in  good  agreement  with  the  measured  etch  rate. 

This  agreement  also  Indicates  that  the  injection  of  hot  holes  in  the 
solution  is  very  rapid  and  is  not  the  rate  limiting  step. 

Rapid  and  well-resolved  etching  in  dilute  solutions  and  at  low 
laser  intensities  suggests  that  high-quality  vla-holes,  which  are 
important  for  fast  microwave  devices  and  micromachinlng  in  general,  can 
be  etched  in  GaAs  crystals.  This  possibility  was  investigated  in  a 
series  of  experiments  in  which  the  laser  light  was  focused  on  n-type 
GaAs.  By  monitoring  the  vla-hole  formation  and  examining  the  cleaved 
cross  sections,  it  was  found  that  the  etching  slowed  down  as  the  hole 
depth  Increased,  particularly  at  high  laser  intensities.  This  effect 
limits  the  wafer  thickness  which  can  be  etched  at  a  particular  Incident 
intensity.  For  high  laser  Intensity  the  etching  process  begins  rapidly 
but  stops  completely  of ter  —100  pm.  At  this  intensity  (  J>1  kW/ca2), 
scattered  and  reflected  light  Inside  the  hole  degrades  the  wall  quality, 
and  prevents  further  penetration.  For  lower  Intensities,  the  hole- 
etching  rate  is  slower,  but  more  penetrating,  resulting  in  deep,  high- 
quality  vla-holes,  Fig.  2.  The  entrance  and  the  exit  of  the  etched  via- 
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hole,  Pig.  2  ,  are  well  defined  and  the  surrounding  area  la  undamaged. 

Another  remarkable  feature  of  these  ▼ la-holes,  la  their  perfectly 
vertical  walla,  Pig.  2(b),  which  oan  be  attributed  to  "waveguldlng"  of 
the  etching  beam.  At  100  aW/cm?,  we  were  able  to  etch  a  1-  pm-dlameter 
hole  through  a  100-  pm- thick  GaAs  sample;  at  somewhat  higher  powers  we 
were  able  to  bore  through  a  standard  250-  pn  wafer  although  larger, 

4-  pm  diameter  hole  resulted. 

In  summary,  we  report  the  use  of  deep  tJV  laser  light  to  drive 
liquid-phase  etching  of  all  doping  forms  of  GaAs.  The  ultraviolet 
radiation  Initiates  a  different  type  of  Interface  chemistry  than  visible 
light;  we  believe  that  the  rapid  etching  at  low  laser  intensities 
originates  from  hot  carriers  injected  in  the  solution.  The  etching 
process  is  rapid  and  capable  of  producing  high  spatial  resolution  and 
large  aspect  ratios. 

He  would  like  to  acknowledge  several  important  and  useful 
suggestions  by  Drs.  It.  Salathe,  H.  Hwang,  A.  Sanchez  and  D.  Auston,  and 
thank  T.  Cacourls  for  expert  technical  assistance.  This  work  was 
supported  by  the  Defense  Advanced  Hesearch  Project  Agency  and  the  Air 
Porce  Office  of  Scientific  Hesearch. 
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Solution 

OV-etch  rate  at  10  M/cm* 

(  *<m/ min) 

n-type 

Si-type 

P-type 

HjSOijrHzOprHjO  •  •  1:1:100* 

18 

IB 

0.8 

HNOjrH^O  ::  1:20 * 

12 

10 

1.0 

K0H:H20  1:20b 

8 

6 

0.5 

*  By  volume 
b  By  weight 


Table  I.  UV-etch  rates  for  different  doping  types  of  CaAs  in  three 
etching  solutions.  The  incident  laser  Intensity  was 
10  M/cm*. 


Etch  rates  for  n-type  GaAs  as  a  function  of  laser 
intensity.  Results  are  compared  for  green  (514  run)  and 
UV  (257  ran)  light,  and  for  different  aolutlons: 

(a)  H2S0jj:H202:H20  «  1:1:100  (by  volume), 

(b)  HNOgtHpO  *  1:20  (by  volume),  and 

(c)  R0H:H20  s  1:20  (by  weight). 

SEM  micrographs  of  a  Tia-hole  etched  through  a  200*  pa- 
thick  GaAs  sample:  (a)  Tia-hole  entrance,  and 
(b)  cleaved  cross  section. 
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Abstract 


Laser-enhanced  etching  of  Si  in  a  CF4/O2  P1*8®8  *8  described.  Both 
■-  and  n-  type  Si  were  invest! ^ted  for  different  dopant  concentrations 
at  laser  Intensities  fron  0-2  Watts.  Etch  rate  enhancement,  due  to  both 
thermal  and  nonthermal  effects,  were  observed  and  are  discussed. 
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In  recent  years,  laser- controlled,  dry- etching  processes  have  been 
investigated  for  a  wide  variety  of  applications  in  microfabrication 
(1,2,3)*  The  use  of  lasers  to  influence  the  etch  process  offers  oontrol 
of  the  specific  etching  chemistry,  along  with  good  process  anisotropy. 

In  addition,  maskless  processing,  using  either  a  scanned  focussed  laser 
beam  or  a  projected  imaged  beam,  has  been  dmnonstrated . 

Photons  in  the  visible  or  UV  spectral  region  can  enhance  the  etch 
rate  as  a  result  of  a  variety  of  processes,  e.g.  photodissociatlve 
production  of  gas-phase  radicals,  surface  or  gas-phase  heating,  laser- 
light-  generated  photovoltage  (in  semiconductor  substrates),  etc.  For 
example,  in  laser- induced  etching  of  Si  in  molecular  gases  such  as  Cl?, 
HC1  and  XeF?  (*»,  5)  thermal  and  photochemical  effects,  or  a  combination 
of  both,  were  found  to  be  responsible  for  the  etch  rates  obtained.  In 
addition.  In  the  case  of  light-induced  etching  of  Si  in  XeF ?,  the 
etching  was  in  part  attributed  to  the  Influence  of  photogenerated  charge 
carriers  on  the  rate  of  surface  reactions. 

Plasma  etching  of  Si  is  a  process  which  has  not,  to  date,  been 
canbined  with  laser  etching.  In  a  plasma  etcher,  generation  of  the 
the  reactive  species  occurs  by  electron- Induced  dissociation  through  the 
glow- discharge.  Spatially  localized  etching  requires  prior  masking  of 
the  surface  using  a  contact  mask  of  photoresist,  dielectric,  or  other 
chemically  inert  material.  Adlayers  may  be  formed  on  the  surface  due  to 
reaction  products  or  chamber  oontaminants;  these  adlayers  inhibit 
surface  etching  due  to  a  filling  of  surface  sites  and  may  cause 
nonuniform  etching  of  the  substrate  surface.  In  this  paper,  we  show 
that  laser  lllunination  of  the  Si  surface  in  a  CFjj/O?  plasma  enhances 
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the  plasma  etch  rate  and,  further,  that  the  etched  area  is  confined  to  a 

region  defined  by  the  illuminated  area  on  the  surface.  The  etch 
enhancement  appears  to  be  due  to  a  combination  of  thermal  and  nontherm al 

processes. 

In  our  experiment,  a  commercial  planar  plasma  etcher  was  used  in 
conjunction  with  a  cw,  argon-ion  laser  operating  on  a  single  line  at 
51*lnm.  By  modifying  the  radi<^  frequency  (rf)  electrode  through  the 
Installation  of  an  optical  port,  the  laser  light  could  be  focussed  onto 
the  Si  surface  with  an  optical  system  external  to  the  plasma  etcher. 

The  presence  of  the  port  did  not  cause  any  change  in  the  plasma  etch 
rate.  Figure  1  illustrates  the  experimental  arrangement.  An  80f 
CFjj/201  O2  gas  mixture  was  used,  generally  at  120  nfforr  pressure.  The 
rf  power  applied  to  the  plasma  etcher  electrode  was  typically  0.1  W/cm2 
and  the  rf  frequency  30  Iflz. 

Fluorine  is  liberated  in  the  plasma  environment  typically  through 
the  the  dissociative  ionization  reaction: 

CFjj  ♦  e”  -•>  CF3+  ♦  F  ♦  2e~  (1) 

Reaction  products  are  adsorbed  onto  the  Si  surface  and  several  possible 
surface  reactions  lead  to  the  formation  of  SiF^,  which  is  volatile.  In 
our  system,  "dark  etch"  rates  of  ~  0.2  Mm'ndn  were  typical. 

When  the  laser  beam  was  directed  onto  the  sample  both  thermal  and 
nonthennal  effects  were  observed.  Passing  the  laser  beam  above  the 
sample  did  not  cause  any  effect.  Indicating  that  gas  phase  reactions  are 
unimportant  in  our  experiment.  Furthermore,  without  the  plasma 
discharge,  the  laser  radiation  would  not  etch  Si  either  with  or  without 
the  CF])/02  ambient. 


In  an  early  experiment,  an  unfocussed  laser  beam  was  used, 
essentially  heating  the  bulk  of  the  Si  sample.  A  second  Si  sample  was 
placed  near  the  laser-irradiated  piece,  allowing  a  comparison  between 
the  dark  etch  rate  and  the  photon* enhanced  etch  rate  to  be  made.  Both 
Si  samples  were  masked  by  an  al  uni  nun  pattern  and  the  etch  depth 
measured  with  a  mechanical  stylus.  The  etch  rate  of  the  illuminated 
sample  was  significantly  enhanced,  reaching  2.5  times  the  dark  etch  rate 
at  laser  powers  of  2  W.  At  this  power,  the  temperature  rise  of  the  Si 
surface  was  measured  to  be  less  than  100°C.  When  a  heat- sink  compound 
was  placed  between  the  Si  sample  and  the  plasma  etcher  electrode,  the 
enhancement  did  not  occur,  thus  indicating  that  thermal  effects  were 
indeed  responsible  for  the  Increased  etch  rates. 

The  local  effect  of  the  laser  beam  on  p-  and  n-  type  Si  of 
different  conductivities  (0.006  ftcm  -  52  Qcm)  was  investigated  by 
focussing  the  laser  to  a  30-100  pm  spot  on  the  Si  surface.  The  laser 
power  density  varied  from  100  W/cm^  to  1 24  kW/cm^.  The  size  of  the 
focussed  spot  was  estimated  using  the  diameter  of  the  etched  feature, 
since  the  laser  beam  diameter  was  difficult  to  monitor  Iji  situ.  The 
diameter  of  the  etched  hole  was  found  to  stay  constant,  within 
experimental  error,  over  the  laser-power  ranges  investigated  at  each 
focussing  position.  Note  that  in  these  local-etching  experiments,  the 
laser- Irradiated  piece  was  thermally  contacted  by  good  mechanical 
clamping  to  the  grounded  al  us  in  us  cathode.  For  each  measurement  made, 
the  dark-etch  rate  was  again  monitored  by  placing  a  second  Si  sample 
near  the  laser- Illuminated  piece.  The  photon- enhanced  and  the  "dark- 
etch”  rates  could  thus  be  cos  pa  red.  The  enhancement  was  then  noraalized 
against  the  dark  etch  rate  for  each  sample  of  Si  Investigated. 


The  results  are  plotted  in  Pig.  2.  The  major  source  of 
uncertainty,  apart  from  the  above  mentioned  method  of  obtaining  the  beam 
diameter,  was  in  the  measurement  of  etch  depth,  which  gave  rise  to  an 
error  of  ~  20%  in  the  etch  enhancement.  The  curves  show  that  at  high 
laser  powers  (>6  kW/cm2)  etching  of  p-  and  n-  type  Si  of  different 
conductivities  is  equally  enhanced  by  the  laser,  reaching  250J  of  the 
dark  etch  rate  at  the  maximun  powers  investigated.  At  these  high  power 
densities,  a  temperature  rise  in  the  area  of  the  focal  spot  is  expected. 
However  the  good  thermal  contact  between  the  Si  wafer  and  etcher 
electrode  insured  that  heating  occurred  only  in  the  imnediate  vicinity 
of  the  laser  spot. 

Since  our  earlier  experiments  showed  that  heating  of  the  Si  wafer 
caused  significant  etch  enhancement,  calculations  were  made  to  estimate 
the  temperature  rise  at  the  center  of  the  laser  focal  spot  (7) .  For  a 
constant  laser  focal  spot  and  for  low  laser  power  densities  the 
temperature  will  rise  linearly  with  the  laser  power  density;  a  plot  of 
this  variation  is  shown  in  the  insert  to  Fig.  3>  These  calculations 
include  the  dependence  of  the  thermal  conductivity  on  temperature  and 
assume  total  absorbtion  of  the  incident  laser  light.  At  10  kti/cm?,  the 
calculated  temperature  rise  is  30°C.  For  this  temperature  rise  the  etch 
rate  enhancement,  as  measured  in  the  unfocussed  laser  experiment,  is  not 
sufficient  to  ascribe  to  a  purely  thermal  process.  For  the  higher 
temperatures  (higher  intensities)  attained  in  Fig.  2,  we  believe  that, 
in  fact,  most  of  the  etch  rate  enhancement  is  due  to  substrate  heating 
in  the  laser  focal  region.  Since  thermal  conductivity  is  largely 
independent  of  dopant  concentration  we  expect  the  curves  at  high 
laser  powers  to  be  similar  for  all  the  doping  levels  investigated.  This 
does  indeed  occur  at  high  power  densities. 


At  laser  Intensities  below  lttf/ an 2,  however,  neither  the  shape  nor  the 
aagnitude  of  the  intensity  dependent  curves,  and  hence  the  variation  with 
temperature,  are  consistent  with  what  would  be  expected  from  a  simple, 
thermally  enhanced  etch  rate.  In  particular,  note  that  for  most  of  the 
samples  studied,  the  enhancement  is  substantial  even  at  the  lowest  laser  power 
investigated.  Figure  3  shows  this  regime  by  presenting  the  boxed  area 
in  Fig.  2  on  an  expanded  scale.  The  laser  power  densities  are  the  same 
as  the  range  plotted  against  temperature  in  the  inset  in  Fig.  3.  In 
this  low  intensity  region,  the  photon-induced  etch  enhancement  shows  a 
strong  doping  dependence.  The  etch  enhancement  for  p-  type  Si  of  1-2 II cm 
resistivity  (Ax  10^cm”3)  is,  for  example,  five  times  greater  than  that 
for  p-  type  Si  of  0.0006-0.009  flcm  (lO^O  cnr3)  resistivity  at  1  16f/cm2 
incident  laser  power  density. 

As  mentioned  above,  one  of  the  advantages  of  laser- enhancement  of  the 
etching  process  is  that  It  permits  localized  processing  on  the  wafer 
surface.  Although  our  optical  set-up  did  not  permit  high- resolution 
studies  to  be  made,  we  were  able  to  use  the  present  experimental 
arrangement  to  obtain  a  minimus  diameter  of  30  pa  for  the  etched  hole. 
Interference  fringes  of  10  pm  dimension  were,  however,  visible  in  the 
etched  pattern,  indicating  that  laser- enhanced  plasma  etching  allows 
high- resolution  control  of  spatial  features.  In  a  reactor  properly 
shielded  from  vibrations,  higher  pattern  definition  can  be  expected. 

A  nunber  of  surface  reaction  steps  lead  to  the  etching  of  Si  in  the 
CFi)/02  plasma,  and  many  of  these  might  be  enhanced  directly  by  photons, 
or  by  a  photor^induced  temperature  rise.  While  it  is  not  possible  to 


identify  precisely  which  steps  are  responsible  for  the  laser  enhancement 

of  the  etch  rate  from  the  experiments  described  here,  same  general 
comments  can,  however,  be  made  about  the  various  etching  processes. 

In  particular,  as  shown  in  Fig.  2,  the  etch  enhancement  appears  to 
saturate  at  high  laser  intensities.  This  behavior  is  consistent  with  a 
simple  first-order  reaction  scheme  which  is,  for  example,  transport 
limited  at  high  temperatures.  Similarly,  the  low  Intensity,  or 
nonthermal  enhancement  seen  for  all  except  the  heavily  p-doped  material 
also  appears  to  exhibit  a  saturation  phenomena.  This  is  again 
consistent  with  a  first-order  reaction  process,  in  which  at  least  one 
step  is  not  dependent  on  the  light  intensity,  and  thus  becomes  rate- 
limiting. 

A  recent  study  regarding  the  specific  mechanism  of  nonthermally 
enhanced  laser-assisted  etching  of  Si  by  XeF2,  with  no  plasma  discharge, 
showed  that  light  can  enhance  the  reaction  rate  between  fluorosilioon 
groups  and  adsorbed  fluorine  on  the  surface,  thus  increasing  the  overall 
etch  rate.  (9,  10)  This  increased  reaction  rate  was  attributed  to  the 
flow  of  photogenerated  minority  carriers  to  surface  sites.  In  the  case 
of  p-type  Si,  electrons  combine  with  adsorbed  fluorine  at  the  surface. 
For  n-type  Si,  holes  combine  with  SiFx  sites  at  the  surface.  In  both 
cases,  the  resultant  Coulcmbic  force  between  reactants  yields  a  higher 
reaction  cross-section. 

The  doping  dependence  we  observed  at  low  laser  power  densities 
indicate  that  the  process  responsible  for  the  nonthennal  enhancement  is 
in  our  case  also  related  to  charge  carriers  on  the  surface.  The  fact 
that  both  p-and  n-  type  Si  exhibit  photon  enhanced  etch  rates  is 
consistent  with  the  above  mentioned  theory  since  positive  or  negative 


photogenerated  minority  carriers,  respectively,  give  rise  to  enhanced 
surface  reaction  rates. 

Another  possible  mechanism  by  which  the  laser  can  enhance  the 
silicon  etch  rate  is  through  desorption  of  polymer  layers  which  can  form 
on  the  silicon  surface.  Polymer  layers  can  inhibit  the  etch  process 
through  two  mechanisms  —  either  by  blocking  surface  reaction  sites,  or 
by  consulting  fluorineOl,  12).  Both  thermal  and  non- thermal  effects 
from  the  laser  could  increase  the  desorption  rate  of  these  polymers.  It 
is  not  clear,  however,  whether  this  model  for  the  photon- enhanced- 
etching  process  would  Include  an  explanation  for  the  observed  doping 
dependence  at  low  laser  power  densities. 

In  conclusion,  we  have  shown  that  etching  of  Si  in  a  CF4/O2  plasma 
is  si^iificantly  enhanced  by  illumination  with  a  visible  ew  laser.  The 
enhancement  consists  of  a  thermal  and  a  nontheraal  component.  In  the 
nonthermal  regime  the  enhancement  is  strongly  dependent  on  doping 
concentration,  and  is  substantial  for  both  p-  and  n-  type  Si.  The 
applications  of  laser-enhanced  plasma  etching  range  from  direct  writing 
of  local  etching  patterns  to  controlling  the  process  rate  and  spatial 
features  in  a  plasma  reactor. 

He  thank  Drs.  Heinz  Gllgen  and  Peter  Brewer  for  many  helpful 
discussions.  This  work  was  sponsored  by  the  Defense  Advanced  Research 
Project  Agency,  the  Air  Poree  Office  of  Scientific  Research,  and  the 
Joint  Services  Electronics  Program. 
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Figure  Captions 


Fig.  1 


Fig.  2 


Fig.  3 


experimental  arrangement  for  demonstrating  laser-assisted 
etching  of  silicon. 

Laser- induced  etch  enhancement  versus  laser  power  density  for 
different  dopant  concentrations. 

Laser- induced  etch  enhancement  versus  laser  power  density, 
boxed  area  in  Fig.  2.  The  inset  shows  the  calculated  laser- 
induced  temperature  rise  versus  laser  power  density  for  a 
95  umdlameter  focal-spot  size. 
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ABSTRACT 

A  laser  direct  writing  technique  for  forming  insulating  layers  of  silicon 
dioxide  from  an  organos  ill  cate  film  on  various  sii>strate  materials  is  shown. 
The  process  resolution  is  a  function  of  the  thermal  properties  of  the 
substrate  and  is  shown  to  be  1  y  m.  The  technique  allows  for  a  local 
variation  in  the  oxide  thickness  by  changing  process  parameters.  The  quality 
of  the  laser  written  layers  is  oompared  to  similar  films  formed  by 
conventional  organos ill  cate  processing. 
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Maskless  Laser  Writing  of  Silicon  Dioxide 


I.  INTRODUCTION 

As  integrated  circuits  become  more  complex,  the  need  for  maskless 
techniques  of  metallization,  doping,  and  insulator  formation  became  Important 
in  the  areas  of  repair  and  customization.  In  this  letter,  we  describe  a 
maskless  technique  for  patterning  silicon  dioxide  layers.  Using  splivon 
organos ill  cates,  a  focused  laser  beam  is  used  to  directly  write  silicon 
dioxide  patterns  on  a  variety  of  substrates.  The  quality  of  the  oxide  layers 
is  at  least  as  good  as  that  obtained  in  thermally  cured  spin-on  glass.  An 
added  advantage  of  this  technique  is  the  ability  to  readily  vary  the  thickness 
of  the  oxide  layer  as  a  filiation  of  the  position  on  the  sifcstrate.  Same 
possible  applications  include  local  masking  for  GaAs,  SiOj  waveguides  for 
allloon  wafers  and  new  device  structures  requiring  a  variable  oxide  thickness. 

II.  EXPERIfCNTAL 

The  writing  of  oxide  layers  is  accomplished  using  the  experimental  setup 
shown  in  Figure  1.  The  Argon  ion  laser  is  tuned  to  51A.5  no  and  a  microscope 
objective  (SOX,  N. A.  =0.35)  coupled  with  a  Michelson  interferometer  is  used  to 
focus  the  laser  beam  onto  the  sample.  The  ample  is  mounted  on  a  vacuum  chuck 
which  is  attached  to  a  computer- controlled,  X-Y  translation  stage.  The  stage 
is  driven  by  a  stepper  motor  with  0.A  ym  resolution  and  linear  scanning  rates 
from  Aym/sec  to  200  ym/sec.  Blanking  of  the  laser  beam  is  accomplished  with 
a  computer-controlled  mechanical  shutter.  The  starting  material,  an 
experimental  material  provided  by  Allied  Corporation  known  as  X-SOOA,  is  an 
organosilicate  material  in  an  organic  based  solvent  with  the  general  formula 


of  Sl(OR)x(OH)it.x*  During  thensal  curing,  it  initially  undergoes  an 
elimination  reaction  expelling  the  organic  liquid.  At  higher  temperatures , 
the  OH  0»oups  are  driven  off  leaving  a  layer  of  SI02*1  Wafer  preparation 
consists  of  washing  with  a  cleaning  solution  such  as  hot  H202:H2S0i|  followed 
by  an  H20:HF  rinse  with  subsequent  application  of  the  organosilicate  via 
spinning.  The  sample  is  spun  at  3000  HPM  for  30  seconds  to  produce  a  glass- 
like  film.  Deposited  film  thickness  is  both  a  function  of  the  spin  speed  and 
the  viscosity  of  the  organosilicate  solution.  Typical  deposited  films  in  this 
work  are  approximately  5000 -Jf  thick.  Thinner  films  can  be  achieved  by 
reducing  the  viscosity  of  the  organosilicate  by  addition  of  the  proper  solvent 
while  thicker  films  can  be  produced  by  reducing  the  spinner  rotational  speed. 

Writing  was  attmapted  over  a  wide  range  of  scan  speeds,  focal-spot  sizes 
and  laser  powers.  Typical  conditions  were  250  mW  in  a  3  vm  diameter  spot 
which  corresponds  to  A  MW/cm?  and  a  sample  translation  speed  of  100  pa' sec. 
With  these  experimental  perameters,  a  smooth,  continuous  line  could  be 
obtained.  To  remove  the  unexposed  material,  it  is  necessary  to  rinse  the 
wafer  with  methanol.  The  cured  pattern  then  remains.  In  order  to  obtain  a 
complete  removal  of  the  unexposed  material,  it  is  necessary  to  carefully 
preclean  the  wafers  and  to  keep  the  samples  under  conditions  of  low  relative 
humidity.  At  temperatures  near  400°  C,  X-200A  is  very  hygroscopic  and  should 
therefore  be  used  when  the  ambient  relative  humidity  at  20°  C  is  less  than 
50f.  An  alternate  technique  for  removing  the  unexposed  material  is  to  use  a 
rinse  of  very  diluted  HF.  In  oontrast  to  the  methanol  rinse,  however,  this 
solution  will  remove  both  exposed  and  unexposed  material  with  the  exposed 
material  being  removed  at  a  slower  rate.  This  approach  was  not  used  in  the 
experiments  reported  here. 


III.  IESILTS  AND  DISCUSSION 

Figure  2b  shows  a  scanning  electron  microscope  (SEM)  micrograph  of  a 
part  of  a  silicon  dioxide  line  pattern  on  a  silicon  substrate.  Its  3.5  no 
width  is  determined  by  the  optical  spot  size  and  the  temperature  distribution 
on  the  surface;  smaller  line  widths  could  be  obtained  by  the  use  of  a  higher 
ossification  objective.  To  obtain  the  high  quality  corners  seen  in 
Figure  2a,  one  must  momentarily  block  the  incident  laser  beam  to  prevent 
undesired  heat  spreading  while  the  translation  stage  changes  direction.  Using 
a  50X  microscope  objective,  the  line  shown  in  Figure  2c  was  obtained.  The 
structure  on  the  outer  edges  of  the  line  demonstrates  the  non-linear  nature  of 
the  curing  process.  Subsequent  rising  in  a  very  diluted  HF  solution  as 
described  earlier  will  remove  this  structure  producing  a  line  on  the  order  of 
1  pm.  The  mechanical  integrity  of  these  lines  appears  good  with  no  visible 
sl0is  of  stress  cracking;  the  lines  hold  up  well  against  a  cellophane- tape 
pull.  Quantitative  adhesion  and  stress  tests  have  not  been  performed.  The 
dielectric  breakdown  strength  of  the  laser  formed  oxide  layers  was  obtained  by 
scanning  the  beam  to  produce  an  oxide  layer  large  enough  for  probing.  The 
breakdown  strength  was  measured  at  1.6  X  10®  V/ cm.  This  compares  favorably 
with  thermally  cured  oxide  layers  at  10®  V/cm  and  thermally  grown  silicon 
dioxide  at  10?  V/cm. 

Curing  of  organosilloate  films  by  laser- Induced  heating  is  si&iificantly 
different  from  conventional  thermal  curing  in  a  furnace.  Furnace  curing 
requires  that  either  the  temperature  be  slowly  ramped  or  a  low- tempera  tire 
cure  (100°  C)  precedes  the  final  high  temperature  cure.  Curing  of  the 
organosilloate  occurs  from  the  outer  surfaces  of  the  film  toward  the  center. 
As  the  organosilloate  owes  in  the  furnaoe,  the  volatile  components  must  pass 
through  the  cured  outer  regions.  If  the  sample  temperature  is  not  ramped  in 
the  furnace  or  proceeded  by  a  low  temperature  cure,  surface  cracks  resulting 
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fron  the  escaping  volatile  components  can  result.  In  laser  curing,  on  the 
other  hand,  since  the  crganosilicate  is  essentially  transparent  in  the  visible 
region,  the  laser  beam  passes  through  the  film  and  strikes  the  surface  of  the 
silicon  substrate  where  it  is  partially  absorbed  thereby  heating  it  up. 
Curing  of  the  organos  ill  cate  fils  occurs  from  the  organosilicate-sifcstrate 
interface  outward  allowing  volatile  components  to  escape  easily,  since  the 
surface  of  the  layer  had  not  been  cured  first.  This  allows  for  high  substrate 
surface  temperatures  during  curing  without  cracking  the  organosilicate  layer. 

A  further  result  of  the  organosilicate  curing  from  the  organosili cate- 
substrate  interface  outward  is  that  if  the  exposure  time  is  insufficient  to 
cure  the  entire  thickness  of  the  deposited  organosilicate,  a  cured 
organosilicate  layer  thinner  than  the  deposited  layer  can  be  obtained.  This 
gives  a  thickness,  or  2- axis  oontrol  over  the  oxide  layer.  This  smooth 
control  over  the  thickness  of  local  regions  of  oxide  is  not  easily  achieved 
through  conventional  photolithography.  In  addition  to  the  thickness 

variation,  the  width  of  the  oxide  lines  is  also  a  function  of  the  translation 
speed  and  incident  power.  Figure  2d  shows  the  effect  on  line  width  as  the 
incident  power  is  ramped  up  and  down  while  maintaining  a  constant  translation 
speed.  A  graph  of  the  experimental  results  showing  both  the  oxide  thickness 
and  oxide  width  as  a  function  of  scan  speed  and  incident  power  is  depicted  in 
Figure  3.  Of  particular  Interest  is  the  oxide  thickness  obtained  with  0.32 
Watts  which  is  constant  over  the  range  of  scan  speeds  tested  indicating  the 
entire  spin-on  layer  has  been  cured.  For  laser  powers  below  0.32  Watts  or  for 
faster  scan  rates,  the  irradiation  tine  is  only  sufficient  to  cure  a  portion 
of  the  layer  next  to  the  substrate.  Note  that  for  all  power  levels,  however, 
a  variation  in  the  scan  speed  results  in  a  change  of  the  line  width. 
Furthermore,  the  line  width  varies  nonlinearly  between  0.25  Watts  and  0.32 
Watts. 


The  curing  of  the  organosilicate  layer  la  a  complex  phenomena  which 
involves  both  the  evaporation  of  the  volatile  species  followed  by  diffusion 
through  the  layer  and  the  various  chemical  reactions  between  the  constituents 
of  the  film.  These  factors  cause  a  temperature  and  curing  gradient  to  be 
established  within  the  organosilicate  layer  which  determines  the  variation  in 
linewidth  and  film  thickness  with  laser  power.  Both  of  these  phenomena  depend 
on  the  temperature  of  the  organosilicate  layer.  The  temperature  of  the 
organosilicate  layer  is  a  function  of  the  heat  flow  into  the  layer  with  the 
surface  of  the  substrate  acting  as  the  heat  source.  For  the  spin-on  layer, 
the  temperature  distribution  on  the  surface  of  the  substrate  can  be 
approximated  by  solving  the  heat  equation  for  a  focused  Gaussian  beam  on  a 
bare  silicon  substrate2.  Furthermore,  although  the  beam  is  being  scanned,  the 
scanning  speeds  are  slow  enough  to  assiae  the  substrate  temperature 
distribution  within  the  beam  is  given  by  the  steady-state  temperature 
distribution^ 4  At  0.32  Watts  of  Incident  laser  power,  the  maximum 
calculated  temperature  is  approximately  370°C. 

By  considering  a  simple  one-dimensional  treatment  of  the  evaporation 
front  which  moves  out  from  the  silicon  wafer,  it  is  possible  to  show  that 
evaporation  is  not  the  rate  limiting  process. 5  The  curing  rates  in  our  work 
are  more  in  agreement  with  an  elimination  reaction  with  an  activation 
temperature,  Ea/k,  above  the  temperature  attained  in  these  experiments,  where 
Ea  is  the  Chemical  activation  energy  and  k  is  Boltzmann’s  constant.  To 
determine  the  width  and  thickness  of  a  cured  line  for  a  given  laser  power 
level  and  sample  scanning  speed  requires  accurate  knowledge  of  the  temperature 
distribution  within  the  organosilicate  layer.  However,  the  temperature 
distribution  in  the  organosilicate  layer  is  a  complex  function  affected  by  the 
heat  flow  within  the  layer,  the  energy  dissipated  during  solvent  evaporation, 
and  the  energy  dissipated  during  the  reaction.  Further  complications  occur 
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when  the  entire  thiekness  of  the  organos ill  cate  layer  has  been  cured  because 
heat  is  no  longer  constned  in  reacting  the  organosilicate  in  the  thickness 
direction  and  the  heat  flow  is  directed  outwards  thereby  increasing  the  line 
width.  These  affects,  in  addition  to  the  change  in  film  optical  properties 
with  curing  thickness,  say  account  for  the  nonlinearity  in  linewidth 
variation  in  going  from  0.25  Watts  to  0.32  Watts  as  shown  in  Figure  3. 

Because  of  the  organic  nature  of  the  material,  the  C  and  H  content  of  the 
fils  and  hence  the  degree  of  curing  of  the  laser-formed  layers  was  determined 
by  comparing  their  infrared  (IR)  spectra  with  those  of  thermally  cured 
layers.1  Figure  4  shows  IR  absorption  spectra  for  four  different  samples: 
spin-on  only,  low- temperature  cure  at  100°  C  for  10  minutes,  low- temperature 
cure  plus  an  additional  one  hour  cure  at  800°C  and  a  laser-formed  oxide.  The 
principal  bands  of  interest  occur  in  the  1100  cm”1  region  including  the  Si-0 
stretch  at  1075  ear1  and  the  Si-0-C  stretch  from  1100  to  1000  cur1.  As  the 
organosilicate  is  heated,  it  decomposes  producing  volatile  components  and 
leaving  a  predominantly  S102  film.  This  is  shown  in  Figure  4  by  the  decrease 
in  the  Si-0-C  band  and  a  corresponding  sharpening  of  the  Si-0  band  in  going 
from  the  spin-on  sample  to  the  high- temperature  cured  sample. 

The  hydroxyl  group,  which  is  present  in  both  the  silicate  and  the  aloohol 
solvent,  has  a  broad  stretching  vibrational  band  at  approximately  3300  cor1. 
This  band  is  seen  in  all  of  the  spectra  although  it  is  weakest  in  the  high 
temperature  cured  sample.  In  addition  to  the  0-fl  stretch,  the  bending 
vibration  for  Si-O-H  at  870^520  cm”1  appears  in  the  spun-on  and  the  low- 
temperature  cured  samples  but  is  virtually  gone  in  the  high-temperature  cured 
sample. 

The  symmetric  and  asymmetric  stretching  vibration  of  the  C-H  group  and 
the  bending  vibrations  of  the  CH3  group  produce  peaks  near  3000  and  1400  cur1 
respectively.  These  C-H  bands  are  due  primarily  to  the  solvent  and  are  easily 


removed  after  the  initial  heating  as  can  be  seen  in  the  spectra  of  the  low- 
temperature  cured  sample. 

Comparing  the  IR  spectra  of  the  thermally  cured  samples  with  the  laser- 
cured  sample,  we  see  that  the  laser^fonaed  oxide  layer  is  similar  to  samples 
that  have  undergone  a  low- temperature  cure  and,  therefore,  has  significant 
quantities  of  Si-O-C  and  Si-O-H  remaining.  These  can  be  removed  by  further 
heating  with  no  noticeable  cracking  or  loss  of  adhesion. 

We  have  experimented  with  substrate  materials  other  than  silicon.  These 
include  the  compound  semiconductors  CdS  and  GaAs  and  the  dielectric  SiOj.  In 
each  case,  after  a  proper  surface  preparation  and  adjustment  of  incident  laser 
power  to  account  for  different  absorption  and  thermal  properties,  direct 
writing  of  oxide  lines  was  readily  accomplished.  In  particular  for  GaAs, 
surface  preparation  consisted  of  a  standard  degreasing  and  oxide  removing 
cleaning  procedure.  Consistent  with  the  thermal  and  absorption  properties  of 
GaAs,  direct  writing  was  done  at  0.1  Watts  for  scan  speeds  similar  to  those 
used  above. 

IV.  CON  a  05  IONS 

In  conclusion,  we  have  demonstrated  a  method  of  patterning  silioon 
dioxide  layers  on  various  substrate  materials  without  the  use  of  a  mask.  The 
technique  relies  upon  the  curing  of  a  spin-on  organosilicate  by  localized 
heating  with  a  focused  laser  beam.  Translation  of  the  sample  provides  for 
maskless  pattern  generation.  Line  widths  as  low  as  1  ym  have  been  obtained. 
Both  line  width  and  line  thickness  are  affected  by  the  sample  translation 
speed  and  the  incident  laser  power.  This  means  that  silicon  dioxide  lines  of 
continuously  varying  thickness  can  be  written  on  the  wafer  surface.  This 
cannot  be  easily  achieved  through  conventional  photoresist  techniques  and 
lends  itself  to  the  fabrication  of  unique  adorostructures.  The  quality  of  the 


deposited  layers  is  at  least  as  good  as  spin-on  organosilicate  layers  cured  at 
low  temperature,  thus  making  these  patterns  suitable  for  use  as  masking 
material  and  waveguide  structures.  Furthermore,  high- temperature  curing  after 
patterning  may  also  produce  higher  quality  silicon  dioxide  layers  for 
interlayer  dielectrics. 
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FIGURE  CAPTIONS 


Schematic  diagram  of  the  maskless  laser-writing  system. 

SEM  micrograph  of  a  typical  silioon  dioxide  line  on  a 
silicon  substrate.  Incident  laser  intensity  was  4  MV/cm^ 
with  a  scanning  speed  of  100  pm/ see  (typical). 

(a)  Top  view. 

(b)  Cross  section  on  a  cleaved  substrate. 

(c)  1  10  wide  silicon  dioxide  line  produced  at  4  MW/ cm2  using  a 
50X  microscope  objective. 

(d)  Variation  in  silioon  dioxide  line  width  as  the  incident 
laser  power  is  ramped  up  and  down. 

(a)  Silioon  dioxide  thickness  versus  scanning  speed  for  various 
incident  laser  power  levels  and  a  3  pm  spot  size. 

(b)  Silioon  dioxide  line  width  versus  scanning  speed  for  various 
incident  laser  power  levels  and  a  3  pm  spot  size. 

Infrared  absorption  spectra  of  four  different  organosilicate 
layers:  (a)  as  deposited,  (b)  after  a  low^temperature  cure, 

(c)  after  a  high- temperature  cure,  (d)  typical  laser  formed. 
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